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Chapter 1 - Introduction

1.1 Mercury in the Environment and Mercury Cycle in Aquatic Ecosystems

Mercury (Hg) undergoes many transformations and exhibits different species in

the environment. including elemental Hg (Hgo), ionic mercury (HgT2j. monomethyl Hg

(CH3Hg) and dimethyl Hg «CH3)2Hg) (Brinckman et aI., 1982; Lindqvist et aI., 1984).

Contamination of soil, sediment or water with elevated concentrations of Hg is a serious

and complex environmental problem because of the difference chemical characteristics

and bioavailability of these species.

The current world production of Hg is about 9000 tonneslyear

(http://www.chcm.ualberta...plarnbeck/plO2/pO2264.htm). Mercury is a natural

component of coal. peat and natural gas. and thus combustion of these fuels lead to Hg

emissions. in addition to fossil fuels. waste incineration. chlor-alkali production.

crematory incineration and the use of certain pesticides also result in Hg emissions

(Lindqvist ct al.. 1991). Mercury is also emitted from natural surfaces such as forest

soils. freshwater I~cs (Xiao ct aI.. 1991) and the open ocean (Fitzgerald. 1986). The

major use of Hg through about 1970 was by thc chlor-alkali industry. Mercury

deposition peaked in the 1960s and 19705. at least upper Midwest of the United Statcs

(Enstrom and Swain. 1997). In rccent ycars thc use of Hg has declined duc to

environmental concerns over Hg contamination. Best estimates to date suggc~t that

human activitics have about doubled or tripled the amount of Hg in the atmosphcrc from

prior to the (ndustrial Revolution to today. .md thc atmospheric burden is increasing by

about 5 percent pcr ycar

(http://wwwdwimdn.cr .usga.gov/widocs/pubs/factshccts/FS216/FS _216-95.htm)



Modem measurements of atmospheric Hg concentration and deposition together with

historical records from lake sediments and peat indicate that the global reservoir of

atmospheric Hg has increased by the factor of 2-5 since the beginning of the

industrialization period (Enstrom and Swain, 1997). In addition to concern over

widespread Hg contamination by atmospheric emissions and atmospheric deposition.

aquatic ecosystems can experience very high inputs of Hg associated with industrial

processes such as chlor-alkali facilities. pulping operations. mining. metallurgical plant

processing and the production of antifungicides.

The Hg cycle in aquatic ecosystems is complicated because of the myriad of

species and pathways. However. our understanding of the biogeochemistry of Hg has

increased markedly over last several years (Driscoll et aI.. 1994). Atmospheric

2+ (Winfrey and Rudd. 1990). although inputs ofdeposition of Hg occurs largely as HgT

CH3Hg+ also occur (Bloom and Watras. 1989). Mercuric ion (HgT:!+) will complex with

inorganic ligands such as cr and OH", bind with dissolved organic carbon (DOC). or sorb

to particulate matter within oxygenated waters (Driscoll et al.. 1994). Mercuric ion can

be reduced microbially or abiotically to form Hgo. Since most waters are ovcrsaturated

with rc~pect to the $olubility of atmo~phcric Hg(), HgV is readily volatilizcd to the

atmosphere ( V..mdal ct al.. 1991).Within the anoxic zones, Hg forms strong aqueous

complcxes with sulfide ;md precipitates a5 HgS (Driscoll et aI.. 1994; Wang and Driscoll.

1995). Mcrcuric ion can also bc methylalcd lO CH'IHg+ wilhin lhe anaerobic

environments. Sulfate-reducing bacteria appear lO be important in lhe methylation of Hg

(Compeau and Bartha. 1985: Gilmour ct al.. 1992). Methyl Hg (CH ,Hg") may bind to

DOC, Cl", sulfide and other complexing ligands. Methyl Hg is also dcmethylOited by



microbial processes (Driscoll et al., 1994), producing HgO as a byproduct. Methyl Hg is

the form of Hg that largely bioconcentrates in aquatic biota (Grieb et ai, 1990; Mason et

ai, 1995),

Methyl Hg is the most critical fonn of Hg, because it is highly toxic and readily

accumulates in fish (Bloom, 1992). It was found that methylation may occur in the water

column (Furutani and Rudd, 1980), in the external slime layer of fish (Jernelov, 1972)

and the intestinal contents of fish (Rudd et al.. 1983). Studies have shown that flooded

terrestrial surfaces, including wetlands (Driscoll et ai., 1994; St. Louis et ai., 1994; Hecky

et aI.. 1991) are important sites for production and supply ofCHJHg+ and to freshwater

ecosystems and reservoirs.

Fish 'lnd other organisms accumulate CH3Hg+ to higher concentrations than found

in surrounding waters, because CH)Hg+ is abs<;,rbed from water by organisms. Methyl

ng/L). and constitute :l smallHg concentrations in water are generally very low «

fraction « 20 %) of the total Hg content of most natural waters Historically it was

thought that fish and shellfish selectively retain CH)Hg+ in preference to HgT2+. mainly

because CH,Hg+ is much more lipophilic than HgT'1-- (Stolzenburg et aI.. 1986).

However. Mason et at. (1995) indicate that this explanation is inadequate because HgT~"

complexes. which are not bioaccumulated. arc as lipid soluble as their CH\Hg+ analogs.

Moreover. unlikc other hydrophobic compounds. CH:\Hg+ rcsides in protcin rather than

!..fat tissue in fish (Ma.o;on et aI.. 1995). Mason et at (1995) showed that uptake of HgT

and CH~Hg'" by phytoplankton resulted in higher concentrations of both species in tissue.

~..However. within phytoplankton cells HgT is principally membrane bound. while

CH)Hg+ accumulates in the cytoplasm. This difference in the p:lrtitioning of Hg within



phytoplankton leads to a greater assimilation of CH]Hg+ during zooplankton grazing. The

CH3Hg+ associated with phytoplankton cytoplasm is readily ingested by zooplankton,

while HgT2+ is not readily assimilated and largely excreted. Thus the discrimination of

HgT2+ and CH3Hg+ occurs during trophic transfer and enrichment occurs between water

and phytoplankton (Mason et al., 1995). Virtually all of the Hg found in muscle tissue of

Because of the bioaccumulation offish is as CH3Hg+ (Gceib et aI.. 1989; Bloom. 1992).

CH3Hg+ that occurs via the aquatic food chain. the exposure of CH3Hg+ by humans is

primarily through the consumption of fish rather than through drinking water (USEP A.

1980; Gloss et aI., 1990).

1.2 Health Effects of Mercury

Humans are largely exposed to Hg by t~o pathways: (I) as CH1Hg+ from fish

consumption. or (2) by inhaling vaporous mercury (Hgo) Elemental Hg (Hgo) does not

usually cause illness when ingested: however. when HgO is inhaled at levels below mg

Hg/m1. non-specific symptoms may be evident. including shyness. insomnia. anxiety and

and 3 mg Hg/m' (Milncloss of appetite (Milne et aI.. 1970). At concentrations between

et aI., 1970), headaches. salivation. metallic taste. chills. breathing difficulties. coughs.

tremors. cr:lmps. diarrhca. nausea. vomiting. tightncss in the chest. fatigue and lung

irritation may occur. Exposure to higher concentrations may produce flu-like symptoms

;md pneumonia. which may result in death in severe cases.

The major human health effects of CH,Hg+ are neurotoxicity in adults (Bakir et

aI.. 1993). and toxicity of the fetus of mothers cxposcd to this species during pregnancy

p'.lfcsthcsia. a(Cox et al.. 1989). Clinical manitcstations of neurotoxic cftecL.. arc

..



numbness and tingling sensation around the mouth, lips and extremities, particularly the

neurasthesia. an abnormal condition characterized by nervous exhaustion. vague

speech; (5) concentric constriction of the visual fields and hearing loss; (6) difficulty in

swallowing, and progressive intellectual deterioration; (7) distal hypaesthesia,

disturbances of superficial and deep sensations; (8) spasticity and tremor; and (9) coma

and death (Jugo, 1979; Goyer, 1991).

Methyl Hg is of panicular importance as a water quality parameter. since this

fonD is highly toxic and it readily accumulates in fish (Grieb et al., 1990; Bloom, 1992)

Ingestion of CH,Hg+ in fish is the primary pathway of human exposure to Hg.

Due to concerns over health effects ass,ociated with exposure to eleavted levels of

Hg, the U.S. Food and Drug Administration (FDA) has set a limit of I ~g/g (ppm) for

concentrations of Hg in fish sold in interstate commerce. Canada and several U.S. states

have developed consumption advisories of 0.5 ~g/g for Hg in fish (Driscoll ct al.. 1994).

Many states. including Ncw York State. have established Action Lcvels at the FDA

~g/g standard. Fishing advisories have been issued in most states due to elevated

concentrations of Hg. Mercury contamination is widespread among surface water in

eastern Canada. the United States (Figure 1.2).

1.3 Mercury Contaminated Sites

Mercury is :1 toxic substance. Because it readily hioaccumulates in the aquatic

food chain. relatively low concentrations may result in exposure of humans to high



Figure 1.2 States \vith at least one fish consumption advisory for mercury
(after USEP.-\ Consumption Dab Base)
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The most well-known of theseof Hg poisoning through industrial contamination.

concentrations of Hg.

The CH3Hg+ from contaminated oceanic water wasaffected. 22 were unborn children

The Hg concentrations in the bay and the sea water were1952 were 5 - 10 f.1g/g.

The Carson River is a U.S. Environmental Protection Agency superfund site in

historic mill sites

Transport of Hg in the river wa!\ largelythe water were also high (0.25-19 ng/L).

'1.



2+ were released into the Wabigoon River from a chlor-

The mean annual Hg

This $ilC a1$0 has $hown contamination of Hg. The main source
for logging operations.

K



1977; 1978 and 1982).

Conference. 1993).



The criterion used for the closure was the U.S. Food andcontamination of fish tissue.

should not to be eaten. as a large fraction of the legal size fish continue to exceed the

FDA criterion level (NYSDEC. 1987)

The N~w York State Dcpanment of Environmental Conservation initiated a

.0 ~g/g in 12 of 13 fish species (all sizes) studied.Hg concentrations averaged about

(NYSDEC. 1987)

Decrea.-;es in fish tissue concentrations were reported through the 1970's.

.It)



closed in 1986 (Effler. 1987). Data from 1985 and 1986 samples show Hg concentrations

The proportion of small mouth bass and walleye, of legal sizes,averaged above 1.0 ~g/g.

concentrations subsequently decreased (0.72-1.36 ppm) in the early 1990s. and have

The reason forremained constant at values similar to those occurring in the early 1970' s.

these long term patterns in fish Hg concentration is unclear.

Bloom and Effler (1990) conducted a preliminary study of Hg chemistry in the

water column of Onondaga Lake. Concentrations of HgT were very high in Onondaga

The reported conccntrations of Hg.Lake. ranging from 7 to 26 ng/L (Effler ct al.. 1995)

exceeded values reported for uncontaminated surface waters by about an order of

The lake contained elevated concentrations of CH~Hg+ (Bloom and Effler.
magnitude

1990: Jacobs ct al.. 1995). thc form that accumulates in fish tissue (Gricb et al.. 1989).

4.The concentrations of Hg rcportcd in prcvious studies are summarized in Tablc

Concentrations of HgT were highest throughout the watercolumn in the !\pring. From

1995). TheHgT. concentrations CH ,Hg+ incrcascd with increasing depth (Effler ct al

highest concentrations of CH ,Hg+ wcrc observed in the lower \Vatcrs during summer

strati ficat ion



Table 1.4 Concentrations of Hg in the water column, sediments and rlSh measured

in previous studies of Onon_da~~ Lak~.. . rot - -- --.1 V1_:- __A MV~-
Media Species Jacobs Wang and Bloom and Klein and NYS

Et al. Driscoll Effler Jacobs DEC
-- ~1~~5~ .(~9?~)- ...(~~)o (1995) (198~

Epilimnion HgT 3.0-9.4 4.0-15.7 7.1-18.8
(ng/L) CH]Hg+ 0.2-1.0 0.4-2.0

Hypolimnion HgT 5.3-21.7 1.4-34.9 10.1-25.7
(ng/L) CH]Hg+ 0.4-21.7 1.61-6.68

Sediment HgT 1.0-1.8

(~g/g)Smallmouth Hg 0.95-1.4

bass

The fraction of HgT occurring as CH3Hg+ increased from about 11 % in the oxic

upper waters to about 20 % in the anoxic waters (Effler et al., 1996). Bloom and Effler

(1990) found that the volatile species HgO made up smail fraction of the total. with HgO,

averaging about 0.6 % of the total. Concentrations of HgO varied somewhat through the

year. displaying the lowest concentration (> 0.05 ng/L) is the hypolimnion during periods

to 0.5 ng/L) in near surface waterof anoxia:md reaching highest concentrations (from O.

In 1992 (Jacobs ct al.. 1995).

It has generally bcen thought that scdiment contamination i~ the major source of

Hg in fish tissue in Onondaga Lake. However. rccent Hg data from sedimcnt profiles

(Jacobs and Klein. 1995; Rowell. 1996) and input waters (Bloom and Effler. 1990;

Driscoll and Wang. 1996: Henry et at.. 1995) $uggcst that continuing inputs from

tributaries or precipitation. may also be an important component of continuing Hg

contamination into the lake. Sediment data indicate that much of the Hg contamination

has been buried by recent deposition (Roweii. i 996). i\ccording to Rowcii (t 996). the

I!



increase in Hg concentration represents loadings no older than 1946 when release from

the chlor-alkali facility was initiated. Between 1946 and 1970, concentrations of Hg in

sediments ranged from 35 to 70 Jlg/g, while concentrations of Hg in sediments ranged <

The top sediment samples (0 - 2.5 cm) from10 ~g/g after 1970 (Rowell. 1996)

.8 l.1g/g. which is consistent withOnondaga Lake showed Hg concentrations of 1 to

average Hg concentrations in sediments trap materials collected in the hypolimnion of the

lake in 1992 (Klein and Jacobs, 1995). It is possible that the high Hg concentrations

observed in the water column and the persistence of elevated concentrations of Hg in fish

tissue. are largely results of continuing external loading

Previous Studies of Total Mercury and Methyl Mercury Fluxes in Onondaga1.4.1

Lake

Several studies have estimated HgT and CH3Hg+ loadings for input waters of

,B). The studies by Driscoll and Wang (1996)Onondaga Lake (Table 1.4.I.A and .4,

and Henry ct al. (1995) were done during 1992. while Gbondo- Tugbawa ct al. (1998)

investigated Hg inputs to Onondaga Lake 1995. Mercury budgets from previous studics

(Gbondo- Tugbawa and Driscoll. 1998: Driscoll and Wang 1996: Henry ct al.. 1995)

showed that Ninemile Crcek contributed high loads of HgT to the lake. Driscoll and

Wang (1996) and Gbondo- Tugbawa and Driscoll (1998) indicated that about 43 % of (he

HgT load of Nincmilc Crcek was derived from thc rc3ch between Amboy and Lakeland.

1998) indicatedThe Gbondo- Tugbawa ct atthe sitc of thc fonner chlor-alkali facility

that both METRO (Onondaga County's Metropolitan Syracuse Treatment Pl3nt) and

The combincdNinemile Crcek contributed high input~ of HgT to Onondaga ~e

loadings of HgT for thc major input waters including Ninemilc Crcek. Onondaga Crcek.

I)



Harbor Brook, Ley Creek and METRO obtained by Gbondo- Tugbawa et aI. (1998) (10.5

kg/year) were intennediate between the values reported by Driscoll and Wang (1996)

(6.04 kg/year) and Henry et al. (1995) (13.15 kg/year). Of these mass balance studies,

the one conducted by Gbondo- Tugbawa et at (1998) is the most comprehensive because

samples were collected from all major tributaries and METRO throughout the year

(October 1995 to September 1996). In all the studies. Ninemile Creek had the highest

yield of HgT and the contribution of HgT loading from Ninemile Creek was more than

twice the combined contribution of the Harbor Brook. Ley Creek and Onondaga Creek.

Total loadings of CH1Hg+ for Ninemile Creek. Onondaga Creek. Harbor Brook.

Ley Creek and Metro. estimated by Gbondo- Tugbawa et al. (1998) (0.45 kg/year) were

The loadings ofhigher than those reported by Henry et al. (1995) (0.26 kg/year).

CH]Hg+ estimated in both studies (Gbondo- Tugbawa et aI. 1998 and Henry et aI.. 1995)

showed that METRO was the highest contributor of external CHJHg'" inputs to Onondaga

Lake. Henry et al. (1995). however. reported that the loading of CH3Hg+ from METRO

was 58% of thc total load from thc input w.ltcrs. and this is higher than the value

cstimatcd in Gbonda- Tu(Ybawa ct al
~

1998) (44%),

Table 1...a.I.A Summary of HgT loadings (kg/year) for input \vaters of Onondaga
Lake reported in previous ~tudic..'i.

Gbondo- Tugbawa ct aI. Driscoll and Wang Henry et:11.
(1998) (1996) (1995)

Harbor Brook
Ley Crcek
Onondaga Crcek
Nincmilc Crcck
Metro

0.067
0.282
1.422
~.408
4.319

0.040
0.220
0.760
3.500
1.520

0.220
0.409
1.811
7.094
3.620

Total
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Table 1.4.1.8 Summary of CH3Hg+ loadings (kg/year) for input waters of Onondaga
Lake reported in previous stu~!es. - - . ,. ~~-, w Y . I ,. ""~.. -

- Gbondo- Tu~b~~~ et al (1997) Henry "egI:.J 1995) -

Harbor Brook 0.0075 0.0087
Ley Creek 0.0193 0.0052
Onondaga Creek 0.0857 0.0492
Ninemile Creek 0.1458 0.0478
.Metro, ~.~~. ~~I?h ~

Total 0.4489 ~ 0.2619 ~

The differences in Hg loadings may be due to diffcrences in discharges.

concentrations of Hg species. the period of study and/or method of flux estimation. [n

addition, differences in the patterns of monthly Hg concentrations and daily discharges

may be also be responsible. since the product of both quantities were considered in

loading calculations.

The rates of HgT and CH,Hg+ accumulation in the hypolimnion of Onondaga

Lake during summer stratification wcre estimatcd by Gbondo- Tugbawa and Driscoll

.97 kgiyc:lr. This value(1998). The internal rate of HgT rclcasc in the hypolimnion was

2 kg/year). The rate ofis higher th:m thc rate estimatcd by Driscoll and Wang. 1996

CHlHg+ release W:L,; 1.0 kg/year was about half the estimated rate of HgT release.

The sinks of HgT .md CH,Hg+ includc outflow. volatilization and sediment burial

Outflow of HgT was estimated by Driscoll and Wang, 1996 (5.6 kg/year) and Henry et

aI.. 1995 (2.8 kg/year). Henry et at. (1995) al~o estimated an outflow of CH,Hg+ (0.24

kg/year). Volatilization value of HgT was cstimatcd by Bloom ct :'ll.. 1989 (0.15 kg/year)

:1nd Henry ct :11.. 1995 (0.016 kg/yc:lI). Scdimcnt burial of Hgr was estimated by Hcnry

i:
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et aI., 1995 (11.24 kg/year), while Henry et aI. (1995) estimated sediment burial of

CH)Hg+ (0.60 kg/year).

Differences in fluxes could be due to the method of flux estimation. However.

inputs from the tributaries were the major external source of HgT to the lake in all studies.

While Driscoll and Wang (1996) indicate that outflow was the major sink of HgT. Henry

et al. (1995) reported that net sedimentation was the major sink. For CH3Hg +. net

methylation was the major source (Henry et aI.. 1995) (0.63 kg/year) and sediment burial

was the major sink (Henry et aI.. 1995) (0.60 kg/year).

1.4.2 Applications of Mercury Cycling Models to Onondaga Lake

The Onondaga Lake Mercury Model (OLMM) was also developed to simulate Hg

The model calculates the concentrations of HgT, CH1Hg+,cycling in Onondaga Lake.

in both dissolved omd particulate- fonns in the water column. The modelHgO and Hg2+

was calibrated to an extensive data set of temporally and spatially variable Hg

The OLMM includesconcentrations in Onondaga lake in 1992 (Henry et a1.. 1995)

remineralization to simulate release of Hg from settling panicles bcfore incorporation

rile modcl provides an analytical framework for understanding andinto scdimcnt.

predicting lhc behavior of Hg in Onondaga Lakc and potential use in ~valuating the

relative impact of different source control and remedial alternatives.

998) conducted :1 preliminaryRecent. Gbondo- Tugbawa and Driscoll

calibration of the Regional Mcrcury Cycling Model (R-MCM) to Onondaga Lake. They

were able to effectively calibrate the model based on alimitcd data set. Modcl

and CH,Hg+ and fish Hg conccntration$ suggC$t thatpredictions of water column Hgr.

these values arc very rcsponsivc to dccrcascs in cxtcmal inputs of HgT.

It.



Although there have been several studies of the biogeochemistry Hg of Onondaga

Lake. there has been little efforts directed at compiling, integrating and synthesizing this

information. With a compilation of Hg data for Onondaga Lake. this provides an

opportunity to recalibrate the R-MCM and conduct a more detailed assessment with this

research and management tool.

1.5 Study Objectives

The objective of this study was to better understand the processes regulating of

the concentrations of Hg species in the water column. sediments and fish of Onondaga

Lake. The specific objectives were: (1) to provide a synthesis of patterns of HgT and

CH3Hg+ concentrations and transfers in the water column. sediments and fish of the lake.

(2) to u~e the Regional Mercury Cycling Model (R-MCM) to simulate mass fluxes of

HgT and CH3Hg+ in the lake. and (3) using this model predict the concentrations of Hg

species in the water column. scdiments and fish of the lake under different scenarios such

as extcmal Hg load~ and changes in lakc chemical characteristics to bettcr understand

how (he biochcmi~(rY of Hg in (hc lake might rcspond (0 managemcn( scenarios



Chapter 2 - Study Area

2.1. Location and Morphometry

The outflow from the lake exitsthe Oswego River drainage basin (Figure 2.1.A. inset).

Lake Ontario at Oswego (Figure 2.l.A)

The lake is oriented along a northwest-of 10.9 m and a maximum depth of 19.5 m.

,B). It has a length along this axis of7.6 krn and a maximumsoutheast axis (Figure 2

The lake is commonly described as having two basins. the south andwidth of 2 km.

Tributaric$ to Onondaga Lake flush the lake rapidly compared tokm from the outlet

many other l;.1kc~ in the region. approximately four times each year (Onondaga Lake

Managcmcnt Cunfcrcncc. 1993: Effler and Harnett. 1996).

2.2. Climate

The climate of the Onondaga Lake drainage basin can best bc dcscribcd as humid.

x
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Bath~etric Map of

Figure 1.1.B Bathymetric map of Onondaga Lake, based on 1987 soundings
(after Owens, 1987)



Lowlands of the northern portion of the drainage basin and the Appalachian Upland to

the south (Effler and Harnett. 1996).

Lake Ontario influences the local weather by moderating air temperatures and

The average daily high temperaturereducing extremes in both hot and cold temperature.

for Syracuse in July is 27.7°C. with an average January low temperature of-9.4°C

(Ruffner and Blair. 1987). The proximity of Lake Ontario also results in considerable

cloudiness. especially during the winter months. Cold air from the west and northwest

often moves across the large, unfrozen surface of Lake Ontario acquiring moisture. This

creates "lake-effect" snow squalls and storms during the mid-October to mid-March

period (Winkley. 1989). Rather localized differences in annual snowfall are evident. with

the highest average annual totals of 254 to 305 cm occurring in the northern and eastern

drainage area is generally evenly distributed. with the summer months being the driest on

average

2.3. Tributarics and Subbasins

The major natural tributaries to Onondaga Lake are Ninemilc Crcek and

Onondaga Creek which together ~\ccount for about 62% of the total amount of water that

flows into thc lake cach ycar (Effler and Whitehead. 1995). Other natural tributaries to

the lake arc Ley Creek. Harbor Brook and Bloody Brook. The Metropolitan Syracuse

Tre3tment PI3nt (METRO) of Onondag3 County is the third l3fgest source of w3ter to the

This large proponion of treated wastewater islake. making up 18% of the annual inflow

.ake and a lcading sourcc of its continuing watcr qualitya uniquc fcaturc of Onondaga



problems. During the summer, when the amount of water flowing into the lake from the

natural tributaries is low, the discharge from METRO represents a much larger

contribution of water to Onondaga Lake (Effler and Whitehead. 1995). Other minor

tributaries include Sawmill Creek. Tributary SA. and the East Aume (Figure 2.1). The

Onondaga Lake watershed is approximately 642 km2 and lies entirely within Onondaga

County, with the exception of a small portion (about 2 km2) that lies in north central

Cortland County (Effler and Harnett. 1996).

Ninemile Creek discharges into Onondaga Lake on its western shore; its

watershed drains approximately 298 km~ both south and west of Onondaga Lake. The

The total length of theNinemile Creek watershed originates at the outlet of Otisco Lake.

Ninemile Creek mainstream is 55.2 kIn.

Onondaga Creek drains an area of approximately 298 km~ and has a ma.instream

The Tully mud boils. a major source of sediment to thelength of approximately 44.2 km.

1992). are located about 33 km above the creek mouthcreek :md lake (Efflcr ct at.

The lower reaches ofOnondaga Lake empties into the southern end of Onondaga Lake.

the crcek drain a significant portion of the City of Syracuse

The Ley Crcek water$hcd i$ approximately 77.4 km!. I.:xtending ca.'itward from

This lake watershed is residential and industrial inthe southern end of Onondaga lake

character. with thc exception of the headwaters that arc located primarily in wctlands.

This watershed has become increasingly developed in recent decade~.

Harbor Brook cxtcnds to the southwest from its mouth on the southernmost end of

~. TheIt has a long and narrow watershed of approximately 29.3 kmOnondaga Lake.

lower rcach drain.') a portion ot thc City ot Syracusc. whilc thc hcadwatcrs drain a mixture



of residential, agricultural, and pasture lands. This area has become more residential

during the last decade.

Bloody Brook enters Onondaga Lake at roughly the midpoint of its eastern shore

in Onondaga Lake Park. The watershed of approximately 29.3 km2 extends to the

nonheast draining the lake plain area. which is heavily residential

2.4 Waste Sources

Onondaga Lake has been the principal receptacle for wastes from the Syracuse

area from the early development of the region to the present. The most clearly

manifested and pervasive industrial impacts have been associated with a chemical

manufacturing facility (soda ash and other products) on the west shore (Effler. 1987)

2.4.1 Allied Signal

The chemical plant on the western shore of Onondaga Lake has had a major

environmental impact on the Syracuse area. The plant was originally built to produce

sodium carbonate (Na2CO,). commonly referred to as soda a.~h. Soda ash is used in

softening water ;md in thc manufacture of glass. soap. ;1nd paper. The chemical facility

was situated in :10 ideal location becau~e ot- the local abundance of the raw m3terials and

ample opponunity to dispose of associated wastes. More than 30 chemicals were

manufactured at the plant ovcr its 102 ycars tcnure (Effler and Hamctt. 1995) Two of

sodathe most impon:mt proccsses that have impactcd thc lake are the production ot

ash. and 2) Cl2 Olnd NaOH (chlor-alkali proccss)

!J



A. Soda Ash

The production of large quantities of waste accompanied the soda ash

between 1971 and 1981 was approximately 2.5x 106 kg/day.

The dominant anion has been Cl-; the dominant cations have been Ca2+1990 interval.

and Na+. This composition largely reflects the high loads of these materials received as

waste from soda ash production (Effler ;md \\:,hitehead. 1996).

The Chlor-Alkali ProcessB.

The availability of salt also promoted the establishment of a chlor-alkali process

at the Allied facility. In the chlor-alkali industry. the major process is electrol ysis of

aqueous NaCl solution to produce NaOH and chlorine The aqueous chloride ion is

oxidized at a carbon anode by the reaction 2CI" ~ Chlg) + 2e" while water is reduced at a

Hg or carbon cathode:

2e" + 2Na+ +2H20 -+ 2Na+OH" + H2(g)

Mercury cells arc not the only types of cells po$siblc for this process. but they were

The NaOH product. thewidely used when facilities were developed carlicr this century.

spent NaCI solutions and other plant cftlucnt~ carry trace~ of Hg into the dischargc tubes

;md from there to receiving waters

!t4~



Ideally Hg should be recirculated in the process and not released to the

environment. However, typically there are losses to leakage and discharge, as the cells

are cleaned or replaced.

2.4.2 Domestic Waste

From the early twentieth century, Onondaga Lake received increasing amount of

untreated domestic waste via the tributaries of Onondaga Creek. Harbor Brook. and Ley

Creek. In 1922 the interceptor sewer system consisting of two sewers paralleling

Onondaga Creek and Harbor Brook was completed. A primary sewer treatment facility

was constructed in 1925 adjoining the southern shore to serve the interceptor system.

With the growth of the city ofwhich carried 90% of the city's sewage (Effler. 1996).

Syracuse. the Ley Creek Sewage Treatment Plant was built in 1934. This secondary

treatment (activated sludge) facility was expan~ed to an average capacity of 9 million

MaD primary treatment capacity was added ingallon per day (MGD). An additional

1950 because of the increasing industrial load. However. this facility bccame overloaded

soon after.

(n 1960 Onondaga County completed construction of a primary treatment plilnt

(METRO) on the southeastern shore of the lake. METRO wa.~ designed to treat 50 MGD

of sewage. It could accommodate a peak flow of 170 MOD. Flow in excess of this

quantity was bypassed directly to the lake following screening. Major upgrades to

METRO were made in the lotte 1970$ ($econdary treatment) and e'.lIly 1 980s (tertiary

This facility was designed to treat an average flow oftreatment; phosphorus rcmoval).

80 MGD: flows up to 120 MGD receive full trcatment. Peak flows of 223 MGD can be

Flows in cxccs~ of 120 MGD rcccive incomplctc trcatmcnt (prim'JrYaccommodated

~-'
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treatment and chlorination}. The layout of the METRO facility is presented in Figure

2.4.2.

Interceptor sewers of the early 19005 were the combined type, intended to carry

both sanitary and stonnwater flows (combined sewage); thus. the evolution of the 66

combined sewer overflows (CSO) system that exist today. During heavy rain stonns,

excess flow from (he sewer sys(em never reaches (he METRO plan(. and un(rea(ed

2.5 Pollution Problems

A. Salinity (pH. Caz+. CaCO3(s) and inorganic carbon)

concentrations of four major cations. Ca2+. Mg~+. Na+. K+. and three major anions.

HCO,". 5042- and Cl-. cssentially constitute the total ionic salinity of most fresh waters.

as other ions make very minor contributions (Wetzel. 1983). In Onondaga Lake. the

dominant anion has been cr~ the dominant cation$ have been Ca:!+and Na+. This

composition iargeiy reflects the high ioads of these materials received as water from soda

The contribution of these three constituents to theash production (Efflcr ct al.. 1996).

salinity of the lake has decreased since the closure of the chemical facility in 1986. The

contribution of these three constituents to the salinity of the lake has decreased since the

The CI- level inclosure of the soda ash/chlor-alkali facility from more than 85% to 70%

the lake has decreascd approximJtcly 70% sincc closure of the facility (Effler. 1987).

Thu~. CI- rcprc~cnted about 55% of salinity bcfore closure: now it is about 40% (Effler

and Whitchcad. 1996)

+'6



Figure 2.4.2 Layout of the Syracuse Metropolitan Wastewater Treatment Plant
(i\rIETRO) (after Effler, 1996)
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The elevated salinity of Onondaga Lake undoubtedly reduced the diversity of its

aquatic life (Auer et al., 1995). High concentrations of calcium discharged to the lake

from soda ash production has resulted in the precipitation of large quantities of calcium

carbonate which has accumulated on in lake sediments. These deposits have accelerated

the rate at which Onondaga Lake is filling in and eliminated habitats that support near-

shore biological communities. Because high ionic strength water is denser than fresh

water. high salt loadings also altered the natural stratification cycle of Onondaga Lake,

although this distribution has been greatly reduced since the closure of the soda ash

facility. The Seneca River. a moving body water that should not stratify through the year.

also experiences chemical stratification as a result of receiving denser. saline water trom

Onondaga Lake (Owens and Effler. 1995).

The lake water is well buffered. with pH values between 7 to 8.S (Effler. 1987a

Driscoll et aI.. 1993). Peak pH values are observed in the near surface waters of

Onondaga Lake during phytoplankton blooms and pH decline with incrca.'\ing depth

coinciding with increased production of CO2 in the lower waters

The lake becomes oversaturated with respect to the solubility of CaCO, (calcite)

during [he productive summcr period. as a result of increased [empera[urc (Brunskill.

[969: Strong and Eadie. 1978) and the photosynthetic process (Effler [984: Effler and

The precipitation andDriscoll. 1985~ Effler et a1.. 1981. 1982~ Otsuki and Wetzel. 1974).

deposition of CaCOl rcsults in the removal of aqueous Ca2+and dissolved inorganic

carbon. and often the accumulation of CaCO, in underlying scdiments (Jones and

This process may influence the cycling of constituents such as P (OtsukiBow~er. 1978).

1983: Wodka ct al.. 1985). and othcr particlcs that serveand Wetzel. 1972: Murphy ct al.

~8



as nuclei for precipitation (Johnson et al. 1991). Further. water clarity may decrease

greatly during periods of CaCO3 precipitation due to increase in light scattering (Effler et

aI., 1987; Effler et aI., 1991; Weidemann et al., 1985). The average rate ofCaCOJ

deposition during summer decreased from about 0.196 to 0.082 moUm2 -day following the

closure of industrial source of Ca2+ pollution. However. the extent of oversaturation with

respect to calcite solubility remains essentially unchanged.

B. Phosphorus

The amount ofPhosphorus is an element that is important to plant nutrition

phosphorus in the l.!ke is an important factor to determine water quality. because

phosphorus stimulates the growth of algae. High phosphorus loading causes excessive

growth of algae in Onondaga Lake during most of the summer. The algae give the water

a cloudy, green appear&mce &md decrease the cl.arity of the lake. After the algae die &md

settle to the lower water. the decomposition of this organic detritus results in the

depletion of oxygen in the hypolimnion (Effler ct al.. 1995).

C. Dissolved Oxygen

The oxygen resources of Onondaga Lakc arc extremely limited because the lake is

highly eutrophic. Dissolved oxygen (DO) i~ depleted rapidly from the hypolimnion soon

The DO decrca.c;es with incrca.'iing depth. duringafter the onsct of dcnsity stratification

summer stratification. reflecting the localization of oxygen demand at the $edimcnt-watcr

interface and limitcd vcnical mixing in the hypolimnion (Effler ct al.. 1996).

The by-products of thc decomposition of algal detritus ~uch a hydrogen sulfidc.

methane and ammonia accumulate in the lower lake waters following thc loss of oxygen

ss(Efflcr et al.. 1995). Hydrogen ~ulfidc accumulatc~ to very high conccntrations

~



mmol/L) during summer stratification due to high natural inputs of 5042- coupled with

elevated deposition of organic matter to the hypolimnion (Effler et aI., 1988).

Concentrations of H2S observed in Onondaga Lake are among the highest values reported

in the literature for fresh water (Effler et aI., 1995). The severe DO depletion causes

anaerobic conditions to develop in the hypolimnion The high rates of organic matter

deposition facilitate the depletion of DO in the lake. The accumulation of reduced

species in the hypolimnion during summer stratification is oxidized during fall turnover,

resulting in the lowest concentrations of DO throughout the water column during the

period.

D. Mercury

Onondaga Lake contains high concentrations of Hg in its water column (Bloom

and Effler, 1990), sediment (NYSDEC, 1990) and fish tissue. See chapter 1 for more

details.

2.6 Plants and Animals

Thc biotic community (plants and animals) arc critical to thc function of thc

Thcir life processes are ultimately powered by the sunOnondaga Lake ecosystem.

convening energy from one Conn into another. Each organism has a function that is

completely codependent on interactions with other organisms within the lake These

interactions arc referred to as a food web (Figurc 2.6)

Much of the plant life in the open watcrs of Onondaga Lake is microscopic and

T11e food web in the open water consists of algae.drifts with thc movcmcnt of thc water.

:0



~

,
Small Fish
(young yellow perch)

Figure 2.6 A typical food web of a temperate lake ecosystem
(after Onondaga lake Management Conference, 1993)



zooplankton. macroinvertebrates and fish. Bacteria and fungi also thrive in the open

water area.

Through ingestion. zooplankton are impol1ant in regulating algae concentrations

in many lakes. Algae. zooplankton and organic detritus that sink to the bottom of the

lake are decomposed by bacteria and fungi living in the deep water. Bacteria and fungi

largely mediate the decomposition of the organic matter releasing key nutrients such as

phosphorus and nitrogen to the overlying water.

Invertebrates. such as wonns and insect larvae. and also important in the

consumption of organic detritus in many lakes. Examination of the deep-water sediments

of Onondaga Lake has shown low populations of macroinvenebrates. This pattern may

be consistent with low concentrations of dissolved oxygen and high concentrations of

toxic materials in the deep-water areas (Auer et aI.. 1995).

2.7 The Lake's Fishery

Recent sampling efforts have identified a total of 52 different fish species in the

The species present include desirable spon fish suchOnondaga Lake (Auer et al.. 1995)

as largemouth and smallmouth bass. walleye and nonhero pike Larger populations of

golden ~hiner. whitc perch. gizzard shad. bluegills and pumpkinseed sunfish can also be

The increasing populations and varieties of fishfound near the $horeline of the lake

reflect a vast improvement from conditions in the 1950s when fishery surveys showed

that more than 90% of the total fish in Onondaga L.lke were common carp.

The Onondaga Lake tishery is currently made up of both year-round residents and

tran$ient$ that migrate in and out of the lake depending on change$ in lakcwidc oxygen



levels. During fall turnover. for example. fish like smallmouth bass and walleye swim

out of the lake outlet into the Seneca River in order to survive these low oxygen periods

(Auer et aI.. 1995)

Diet infonnation represents an important tool in evaluating the effects of

perturbations in aquatic communities (Ringler. 1979 and 1990). The pianktivorous fish

community of Onondaga Lake is presently dominated by gizzard shad and white perch.

particularly when young (Auer et aI.. 1995). Gizzard shad larvae feed on zooplankton.

Adults gizzard shad are primarily phytophagous (Kutkuhn. 1957; Bodola. 1966; Tisa and

Ney. 1991). and wouid be expected to demonstrate little size selective effects on the

zooplankton. Benthivorous blue gill feed on benthic invertebrates and detritus (Auer et

at.. 1995). Omnivorous white perch can be planktivorous when they are young. White

perch are found to tced on the eggs of fish (http://www.seagrant.wisc.cdu). Smallmouth

bass are piscivorous. Juveniles feed on aquatic insects. As they grow larger. older age.

class prey on small fish (http://www.pvisuals.com).



Chapter 3 - Modeling Approach and Databases

3.1 The Regional Mercury Cycling Model (R-MCM), (Tetra Tech Inc, 1996).

The Regional Mercury Cycling Model (R-MCM) is a steady-state mechanistic

simulation model which is used to study the biogeochemistry of Hg in lake/watershed

ecosystems. Using a mass balance approach. the model predicts concentrations for three

forms of Hg in six abiotic compartments and five trophic levels. Since the model is

steady-state. inputs are fixed values and do not vary with time. The outputs are

representative of conditions once a lake has stabilized to the input conditions provided.

". 0- and Hg .There are three primary Hg forms in the model: CH3Hg+, HgT

Mercuric ion is considered to consist of all Hg. which is neither CH3Hg+ nor Hgo. Total

Hg is calculated as the sum of CH3Hg+, HgT~+ and HgO, There is often reference in the
,

This fraction of HgTz+is operationally defined. In the modelliterature to "reactive" Hg.

however. all Hg in the lake system is assumed to bc available to panicipate in the Hg

cycle (i.e.. there is no "inert mcrcury'

Model compartments include the W.l(Cr column. scdimcn(s and a food chain that

Mercury concentrations in the atmosphereincludc$ prey ~md predatory fi$h (Table 3

are uscd to c.uculatc tluxcs across thc air/watcr interfacc {gascous. wet dcposition. dry

deposition). t\tmosphcric conditions arc dcfincd by thc user. rather than modclcd.

The food chain consists of five trophic levels (phytoplankton. zooplankton.

bcnthos. prey fish and predatory fish). Fish Hg concentrations tend to incrc3.')e with age,

and arc thcrcforc tollowcd in c~ch ycar cla.'\s (uP to 20 cohorts for prcy and 15 for

predators ).

.;~



Table 3.1.1 Environmental compartments and mercury forms included in
R-MCM model

Compartment Mercurv Conn
CH3H~+ HgT2+HgO Solid HgS

Water Column (abiotic)
Dissolved X X X
Non-living suspended particles X X X
Sediments
Sediment Porewater X X X
Sediment Solids X X X

x
x
x

x
x
x
x
x

Food Chain
Phytoplankton
Zooplankton
Benthos
Prey Fish Cohorts (15 max)
Predatory Fish Cohorts (25 max.)
Total mercury is calculated as the sum of the individual Hg fonns.
(Tetra Tech Inc.. 1996)

3.1.1 R-MCM Processes

An overview of the major processes involved in the Hg cycle in lakes is shown in

Figure 3 I These processes include inflow~ and outflow~ (surface and groundwater).

adsorption/desorption. paniculate scttling. rcsuspension and burial. atmospheric

deposition. air/water gaseous cxchangc. point sources of Hg. in-situ transformations (c.g.

methylation. dcmethylation. HgT" reduction I. Hg uptake in plankton and zoopl.mkton.

and bioenergetics related to CH ,Hg+ fluxes in fish. Because mechanistic models simulate

the major processes occurring in a system. thcy can be used to investigate cause/effect

relationships.They C:ln also bc used to develop :lnd tcst hypotheses. scope field studies.

and identify key research needs.

A. The H~T~+ Cycle

In thc water column (cpilimnion and hypolimnion) and scdimcnts. thc dissolved

phase and non-living particles arc assumed to ()C in cquilibrium (rapid adsorption and



..-----0.1)
:c

>
-.

..'0'
~U~

~0
=

 
c

0 
"5

-=
 

0
.~

 
~

8. 
0

u 
C

~
 

=
>

- 
.-

~
 

\
~

~-<

c0oM..:="0c0.~..:'-;;

~~E
-c

~~

~

~

~0c
u 

"5
~

 
..g

=
 

~
0 

0
=

 
c

c 
c

~
f

~~=
~

=u
t

a~
z

>
0

~
~

of/]
Z

.§83

~
0-U

~
~

~0-~0I:c

...
'.~

 
'

~:.;c

.-- 
-

- 
=

 
~

=
.

~
O

~
 

Q
.D

 
',§- 

-. 
:: 

f-o

::: 
:;_zi:3

i 
.~l~

C
" 

~
 cn

t4 
- 

.- 
,.,.

u 
- 

,,~
- ~

 
. 

."
c"'C

 
.: 

~

.- 
Q

.
:c

0 
~

 
.-

C
o 

U...C
o

Q
on

:::

~ 4

. 
~.~
 

0 z
u 

E
-o

~
L 

>
-

'~
..18=

~
~

 
Z

0-<
O

..J
-]-+

 
N

c.

.
>

-~
 

~
9 

"8
. - 0
-0 

'-
]+

 
u /<

C
-'

~
-

~0c:;~~0]c0O
:;

..='-:;-

c0

"Q
O

 
.=

c 
c

::~- 
'"

u 
=

~
 

'"e

u... c03ft 0oM..:'-'.Q

C
I)

0-f:z~.=E
o-

Z~~~Q~00 c9-
'",..='---.;; ~ ~

. 
... ,

--- 
-co

-.- 
--

... -.. 
-

. 
~

 
~

. 
.D

/Ii
Q

O
.D

:I: >
<

 
-

oc 
.~

=
=

 -.. 
~

,., 
.D

=
=

U

c.2'c;
>

.
~gO

J

~.2'c;
>

.~uE

~
~

 
:::"

E
--=

 
-g

<
0 

...?
Q

-
t:J-
=

O
c..U



desorption) with either the free ion (Hg2+) or complexes of HgT2+ associated with

inorganic ligands (non-DOC bound).

Inorganic Hg (HgT2+) can also fomi solid phase HgS under the appropriate

anaerobic conditions. Solid phase HgS in the water column is assumed to be deposited in

sediments. Partitioning of HgT2+into phytoplankton is assumed to operate kinetically,

occur both passively and actively. Uptake is balanced by cell growth. division and

depuration. It is recognized that zooplankton are not at true "equilibrium" with the

dissolved phase. but for the purpose of the model. a simple partition constant is used to

concentrations.

2+Other HgT processes include inflows.,outflows (surface and/or groundwater).

settling of non-living panicles into epilimnetic sediments and through the thermocline.

HgT:!+ diffusion across the thermocline and across the scdiment/epilimnion interface

"..
'c rcduction and mcthylation. and point sources of HgT~'"atmospheric deposition. HgT

B. The CH,Hg+ Cycle

In the water column (cpilimnion and hypolimnion) and sediments. the di$$olved

phase and non-living panicles are assumed to be in equilibrium in terms of rapid

adsorption and desorption of either CH:lHg+ or complexes of CHtHg+ associated with

inorganic ligands. Partitioning of CH,Hg" into phytoplankton is assumed to operate

kinetically. not having timc to rcach cquilibrium. Uptake of CH.\Hg" into phytoplankton

is assumed to occur both passively and activcly. Uptake is balanced by cell growth

division and depuration.



Although zooplankton are not at true "equilibrium" with respect to CH3Hg+ in the

dissolved phase. a simple partition constant is used to estimate zooplankton

concentrations of CH3Hg+ on the basis of concentrations of CH3Hg+ in phytoplankton for

the purpose of this model.

Kinetic CH3Hg+ processes include inflows. outflows (surface and/or

groundwater), settling of non-living particles into epilimnetic sediments and through the

thennocline. diffusion of CH3Hg+ across the thennocline and across the

sedimentiepilimnion interface. epilmnetic sediment resuspension. atmospheric

deposition. volatilization. methylation. Clemethylation. and point sources of CH3Hg+.

C. The Elemental Mercury Cycle

Elemental Hg (Hgo) is included in the model only in the dissolved form. and

therefore is not subject to fluxes associated with particulate and the food chain. In the

water column (epilimnion and hypolimnion). processes include inflow, outflow (surface

and/or groundwater). HgO diffusion across the thermocline and across the sediment/water

"II- . () d .- reduction to Hg . and emethylatlon. Elemental Hg
interface. volatilization. HgT

~. diffusion across the sediment/water columnprocesses in sediments include HgT

interface and dcmethylation. Reduction ot- HgT'.. H I). . Idd ' d. - to g IS not mc U C In sc Iments.

Elemental Hg conccntrations '.lre usually a ~mall fraction of HgT in the water

column. Elemental Hg is included in the model primarily for two reasons. First.

volatilization of HgO c~n be a ~ignificant flux of the HgT budget. Second. predicted

,_toconcentrations of Hg" serve as a check on the rates associated dcmethylation and HgT

reduction

D. Specific Mercury Processes



1

Methyl Hg and HgT2+ enter a lake directly by both wet and dry atmospheric

deposition. Since this is a steady-state model, rates for these processes are constant in the

simulations, and do not reflect seasonal changes or the effects of ice cover.

Three types of lakes can be considered: drainage lakes with surface inflows and

outflows. groundwater-fed seepage lakes, and mounded seepage lakes which obtain their

water inputs from direct precipitation only. Drainage lakes are assumed to receive their

terrestrial Hg loads via surface inflows to the epilimnion. The path of the outflow

depends on the lake type selected by the user when setting up the initial conditions in the

lake. For drainage lakes, the outflow exits from ~he surface of the epilimnion. Surface

outflows include dissolved and paniculate Hg in seston

Non-living particulates are allowed to settle in the model. Living plankton are

assumed not to settle. Epilimnetic particles can settle either to epilimnetic sediments or

through the thermocline into the hypolimnion. Hypolimnetic particles settle into

hypolimnetic sediments. Elemental Hg is not included in the particulate tractions in the

model. Sediment burial/erosion is incorporated into the model. These proccsses operate

separately in the epilimnion and hypolimnion. For example. erosion can occur in the

epilimnion. whilc burial occurs in the hypolimnion

Resuspension rates for sediment particles are calculated separately for the

epilimnion and hypolimnion. Resuspension rates are difficult to estimatc in the field and

are therefore c$timated by u$ing a mass balance of sediments.The model includes four

Three of the fluxes (settling velocity of particles in theparticulate fluxes in sediments.

water column. scdimcnt burial rates and p~lfticlc dcgradation rates to gaseous

T11C $inglcdecomposition products) can be determined from tlcld measurements

.,~,



unknown is the resuspension velocity. which is calculated to maintain the sediment mass

balance.

This is in contrast to the effect of DOC. whichto organic carbon concentrations

2+ for methylation in the model. The user can assign thedecreases the availability of HgT

dissolved complexes that are available for methylation. Methylation can also be set as a

dependency of methylation on sulfate. ~ may be given a value of zero in the menu

Demethylation is assumed to occur in the water column and sediments. In the

water column. demethylation is modeled as a light dependent abiotic process. It is

Thus demethylation in the waterfunction of the rate of light extinction in the lake.

column primarily occur in the epilimnion. In sediments. demethylation is treated as a

bacterial process. which operates on some or all of the dissolved CH,Hg+ in porewater.

Sulfate and temperature are assumed to affect methyiation. but not demethylation.

Diffusion i~ included in (he model a.o; a process occurring across (hc

H II. to g IS
sediment/water intcrfacc and across thc thcrmocline. Reduction of HgT

included in the water column. but not the $cdiments. It is assumed that reduction i$ pH

,~.. i~ available for reductiondependent. :md that only a certain fraction of dissolved Hg1

Therefore at higher pHThis traction is presently represented in the model by Hg(OH)2

~~values. rates of reduction of HgT increase

Volatilization i~ ~aJculated using two-phase film rcsist:mccis not inciudcd.of HgT



theory. The approach uses a piston velocity based on resistance in air and water, and the

deviation of the air/water concentration ratio from equilibrium partitioning. to estimate

the air/water flux.

The model can accommodate point source inputs of HgT2+ and CHJHg+. Point

source Hg loads are input to the epilimnion. Point source Hg loads are assumed to be

HgT2+ and/or CH3Hg+. Local industrial sources of elemental mercury are not included in

the model.

2+ and CHJHg+ are both partitioned between the dissolvedIn the epilimnion. HgT

phase and three particulate compartments: living phytoplankton. living zooplankton. and

In the hypolimnion. partitioning betweenthe remaining non-living suspended panicles.

dissolved and paniculate phases also occurs. however in the model. all panicles in the

hypolimnion arc assumed to be non-living. Elemental mercury is assumed to exist in

dissolved phase only.

~.Concentrations of HgT ~md CH,Hg+ in non-living suspended matter are

The userestimated by assuming adsorption/desorption and using a partition coefficicnt

inputs a panition constant. which represents the ratio of the concentration of Hg on

suspended non-living paniclc~ to all. or a traction of. the dissolved Hg complcxcs. For

~..all HgT~". this con$tant is ba$cd on thc aquo HgT ion. For CH ,Hg+ it is based on

inorganic (non-DOC-bound) complexes.

l.In thc living phytoplankton. HgT .md CH \Hg+ concentrations arc determined by

the rates of uptake and losscs. Uptake includes passive diffusion and possibly facilitated

uptakc. Losscs arc rcprcscnted by cell growth/division and possibly depuration.

Diffusion limited uptake may al...o occur. Sincc this is a steady-state model. conditions



are constant with time. single values emerge for the partitioning ratios for HgT2+ and

CH]Hg+ in phytoplankton.

Passive diffusion involves the diffusion of various Hg complexes into a

phytoplankton cell. Passive diffusion is combined with facilitated uptake and loss tenns

(growth. depuration) to alTive at a value for the partition constant between Hg in

phytoplankton and dissolved Hg in water.

The option of facilitated uptake of HgT2+ and lor CH3Hg+ into phytoplankton cells

is included in the model. This is used in combination with other processes affecting Hg

uptake and losses in phytoplankton to estimate a partition ratio between phytoplankton

and dissolved HgT!t- or CH"4Hg+ The model is steady-state. and assumes constant values

for parameters affecting uptake and losses of Hg in phytoplankton. This process is

~+intended to represent the possibility that HgT could be mistaken for other essential

metals (e.g.. iron. zinc) and enter the ccil via transport pathways for thcsc metals.The

process may involve complexation of the metal at the cell surface and then transpon into

the cell. Depending on which complexes in solution exchange with the surface ligands.

~md the rate of exchange relative to the rate of incorporation into the cell. the transpon

rate could be a function of the concentration of the aquo ion (e.g., Hg2-, CH,Hg+), or a

function of the concentration... of several complexes (c.g.. all inorganic complexe...),

Methyl Hg and HgT:'. ~oncentrations in zooplankton are calculated by multiplying

the concentrations in phytoplankton times the factors. ratio of CH,Hg+ L'oncentration in

zooplankton/CH ,Hg" concentration in phytoplankton and ratio of HgT concentration in

looplankton/HgT" concentration in phytoplankton. respectively This approach i~ based



on the concept that zooplankton obtain the majority of their Hg in lakes from food.

assumed to be phytoplankton.

Partitioning of Hg in the sediments (epilimnetic and hypolimnetic) is essentially

treated in the same way as partitioning in the water column. Adsorption of Hg onto

sediment solids is modeled identically to the partitioning of Hg onto non-living

suspended particles in the water column. However. the values of the partition

coefficients for sediments are different. thus reflecting the difference in adsorption

characteristics between sediment solids and solids suspended in the water column.

There are severalThe treatment of sulfides in the model is under development

unresolved issues regarding the effects of sulfide on the aquatic Hg cycle These include:

2+ and sulfide/CH~Hg+ complexes fonn. and the appropriate. Which sulfide/HgT

complexation constants.

. Whether sulfide/Hg interactions are in fact reflected by thennodynarnic equilibria

Effects of iron and manganese on sulfide/Hg interactions (e.g.. co-precipitation of

z..
HgT with Fe

For these reasons. the model presently docs not includc sulfidcs in thc $imulations cvcn if

input data includes sulfides The outputs for thcnnodynamic Hg speciation will always

show zcro conccntrations for any sulfidc/Hg complexes.



3.2 Data Sets Used

3.2.1 Water Column Hg, Sediment Deposition of Hg, Hg Concentrations in Surface

Sediments and Hg in Aquatic Biota

Data from water column Hg, Hg settling from the water column, Hg in the

sediment cores and Hg in aquatic biota were obtained by PTI Environmental Associates

(Henry et aI.. 1995. Jacobs et aI.. 1995: Klein et aI.. 1995). Lake water samples were

collected monthly from April and November 1992 at two stations located approximately

in the centers of the north and south basins of Onondaga Lake. Unfiltered water samples

were collected at each station from water depths ofO. 3. 6. 9. 12. 15. and 18 m during

summer stratification (May - September) and from water depths of 3.9. and 15 m during

the remaining months (April. October - November) (Jacobs et aI.. 1995). Filtered water

samples t'rom the same depths were collected at one of the two station:

Lake water samples were collected from a fiberglass boat using a peristaltic pump

(for analysis of total suspended solids (TSS). Fe. Mn and Hg species) or an acrylic

Kemmerer sampler (for conventional anal ytc~) Beginning with thc O-m depth. samples

hattlcs. packcd on icc. andfor anaJysi~ of TSS and mctal~ were col1ectcd using Teflon

ihippcd overnight to the laboratory whcrc thcy were filtered and preserved (Jacobs ct al..

1995).

For dating purposes and estimation of net sedimentation. sediment cores were

taken in thc nonh and south basins to a dcpth of 2.5 m. S~diment traps .'pproximatcly 20

cm in diameter were dcploycd from M~lY through Novcmber of 1992. 2 In above the

scdimcnt in thc north and south basins. to cstimatc gross scdimcntation Traps \vcrc

!~



sampled monthly for HgT concentration. CH3Hg+ concentration. and TSS. To avoid

contamination, traps were made of acrylic plastic

Concentrations of Hg in phytoplankton. zooplankton. and benthic

macroinvenebrates were determined using ultraclean sampling techniques and

ultrasensitive analytical methods (Bloom. 1989; Watras and Bloom. 1992).

Phytoplankton was sampled at two stations of the north and south basins of the lake.

Samples were collected in Teflon~ bottles from depths ofO. 3. and 6 m using a

peristaltic-pumping system with Teflon~ tubing. Three replicate samples were collected

from each depth at each station. Samples were held at 4 °C and analyzed within 24 hours

of collection. Phytoplankton were collected from samples of lake water using O.8-~m

quanz-fiber filters (Beckcr and Bigham. 1995)

Zooplankton were sampled at thc same' two stations as lake water and

phytoplankton using a nonmclallic net (mcsh size = RO ~m). Each sample was collected

by a venical net haul from a depth of 12 m and rinsed into Tctlon'i1I hotties. Within 8

-hours of collection. cladoccrans wcrc transfcrrcd to Tcflon vials using glass pipets and

!rozcn. Three replicate cumpusltc s~lInples. <.:ach containing 20 cladocer~ms. were

collected for each st~ltion (Becker and Bigham. 1995)

Fish wcre captured at various locations in the northern. we~tcrn and ~outhern part~

of the I~lk.e. C;.tpturcd individu;.tls were either m;.tintaincd whole or filleted immediately

after collection using a stainless-steel knife. .\11 wholc bodics and fillcts wcrc trozen

T I.'n rcplicatc wholc hodics and 20 - .~O rcplicatc fillctsimmcdiatclv ~lltcr coll'-'l:tion.

werc collcctcd for c:.1ch target spccic~ (Bcckcr ~lnd Bigh:.1m. <)<)5). "1~rcury was



measured in fillets of seven fish species (gizzard shad. white perch. bluegill and

smallmouth bass).

All Hg analyses were performed by Brooks Rand. Ltd.. using cold vapor atomic

fluorescence spectroscopy (Bloom and Fizgerald. 1988). Sediments were digested and

analyzed for total Hg according to Bloom and Crecilius (1983. 1987). Total Hg in water

samples was measured following bromium chloride oxidation (Bloom and Fizgerald.

1988). Analysis of total Hg samples followed the gold amalgamation technique (Gill and

Fitzgerald. 1987). The CHJHg+ concentration in sediments and water was measured by

the ethylation technique following separation by ether extraction (Bloom. 1989) or

distillation (Horvat et al.. 1993a. b).

3.2.2 Dating of Sediment Deposition

For dating purposes a core was collected at the center of the lake and dated using

21Opb by the Science Museum of Minnesota. Stratigraphic cores were sectioned at .Ocm

intervals and analyzed for ~IOPb for dating purposes to detennine rates of Hg deposition

in sediments ~IOPb activity was determined by me:l.'\uring the activity of its grandaughter

'lO p JISOtOpe. - O. u.\mg.1 pha spectrometry (Bennct and Carpenter. 1979: Carpenter ct al.

1981. 1982).

3.2.3 Mercury in Lake Inflo\\.s

Mass input data tor Onondaga Lake were taken trom Gbondo- Tugbawa (1997

This i~ considcred to be mo~t comprchcn~ivc inve~tigation of thc Hg intlux to Onondaga

Lake bccausc sampling \Va.'i conducted over a 12-month pcriod. Clcan .'iampling

techniqul:s tFitzgcrald and Watr;l.S. 1989: USE?.\. 1995) wcrc uscd to collect monthly

water s:'lmplc$ from ~t.obcr 11)95 to September Il)96 ill sl:lcctcd tributarIes including

!()



Ninemile Creek, Onondaga Creek, Harbor Brook, Ley Creek, and the effluent discharged

from METRO. Analytical protocols were used to analyze the tributary water samples for

HgT (Gill and Fitzgerald, 1987). Methyl Hg analyses were done in accordance with

Hovan et at. (1993) and Liang et al. (1994). Mean daily flow measurements for the

major tributaries were obtained from the U.S. Geological Survey. However. the minor

tributaries. lake water and sediments. and groundwater inputs to the lake were not

sampled during this period

3.2.4 Total Suspended Solids (TSS)

Suspended solid concentrations in the lake water columns (0, 4, 8, 12 and 16 m)

were analyzed weekly from April 1995 to October 1995. while those in tributaries

including Onondaga Creek. Ninemile Creek and the effluent discharged from METRO

were biweekly analyzed from January 1995 to November 1995 by researchers at the

These data were used toUpstate Freshwater Institute (UFI) (Effler unpublished data)

conduct a TSS mas... balancc on the lake. Data of settling watcr column TSS were taken

from Womblc ct al (1996)

\lonitorin~ of Mercury in i'lsh3.2.5

Fish collcctions trom Onondaga Llkc began in thc fall of 1970 and havc

1\11 collections were madecontinued during summer for most YC'JrS through the present.

by personnel of the Bureau of Fishcrics. DEC. Fish were capturcd in gill ncts and seines.

meil.,;ured. weighed. sometimes .')cales rcmoved for aging. tagged with identifying

numbcrs. and frozen in pla...tic bags at -20 °C prior to chemical anaiysi~.

Preparation of the fish for analysis varied but gcneraily the hcad and visccra wcrc

.cmovcd and the rcmaindcr -;round in a food mill and homogenized by mixing in a

.17



commercial food mixer. Current preparation methods (post - 1977) involve a standard

filleting technique where one whole side of the fish. scales removed but with skin intact.

is cut from behind the operculum to the tail. This fillet contains one pelvic fin and bones

of half the rib cage. Excluded from the fillet are the venebral column and the dorsal,

pectoral. anal and caudal fins. Fish less than 150 mm in length are analyzed with just

head and viscera removed (NYSDEC. 1985).

-IX



Chapter 4 . Results and Discussion

4.1 Synthesis of Mercury Data for Onondaga Lake

4.1.1 Mercury Chemistry in Onondaga Lake

The concentrations of HgT. CH3Hg+ and HgT2+in Onondaga Lake in 1992 are

summarized in Table 4 I.A,4 1.B,4.1.1.Cand4. I.D. In this analysis inorganic Hg

(HgT2j is defined as the difference between HgT and CH]Hg+. The mean concentrations

(:t standard deviation) of HgT. CH3Hg+ and HgT~+in the epilimnion were 5.70::f: 1.98

ng/L. 0.65 ::t 0.42 ng/L and 5.05 ::t 2.06 ngiL, respectively in 1992

Table 4.1.1.A Monthly mean concentrations of HgT, CH3Hg+, Hg2+ and TSSy
standard deviation and the mean fraction occurring in a particulate form in the
epilim.n!?-" of O~on~ag~ ~ake. 1993-- - - .. .-. --,~ --~

1992 HgT (ng/L) CH)Hg+- (ngiL) HgT-+ (ng/L) TSS
(% particulate (% paniculate (% paniculate (mg/L)

HgT) CHlHg"') Hg2+)
April 9.67:t2.52 0.33::tO.09 9.34:t2.47 9. 16:t1.93

(64.9%) (68.2%) (64.7%)
May 3.75:tO.89 O.50::t0.62 3.25::tO.77 2.51:tl.06

(48.5%) (77.7%) (44.6%)
June 3.38:tO.74 O.54:tO.30 2.84::tO.76 1.49::tO.27

(47.8%) (57.1%) (46.0%)
July 4.86:tl.l0 0.37::tO.l1 4.5O:tl.12 3.03:t1.53

(64.9%) (68.0%) (72.2%)
August 5.97:tO.90 0.37:tO.17 5.63:f:O.93 4.96:1:1.96

(64.9%) (61.770) (33.3%)
Septcmbcr 6.59:1:1.16 0.5(}:tQ.22 6.08:t1.27 2.94:t1.33

(56.9%) (63.0%) (56.4%)
October 5.00:t:0.37 I.I9::tO.43 3.8I::tO.14 4.7I::tO.67

(56.0%) (68.1%) (52.2%)
Novembcr 6.38:t 1.13 1.43:tO.13 4.95:t 1.1 0 1.65:f:O.42

(58.0%) (45.4%) (62.0%)
Year 5.70-1:1.98

(56.0%)
O.65:tO.42
(60.5%)

5.05.:!:2.06

(55.5%)

3.86:t2.64

-t'l



Table 4.1.1.B Monthly mean concentrations of HgT, CH3Hg+ and Hg2+ and standard
deviation occurring in a dissolved and particulate fornt in the epilimnion of
Onondaga Lake, 1992

1992
-

Dissolved
_CH)Hg"'-

Dissolved Particulate
-

Particulate
April
May
June
July

August
September

October
November

HgT-
Particulate

0.11:1:0.02

0.11:1:0.05

0.23:1:0.13

0.12:1:0.07

0..13:1:0.10

O. 19:!:O. 10

0.38:1:0.07

0.79:!:O.09

O.23:f:O.09
O.39:f:O.57
O.31:f:O.17
O.25:tO.06
O.21:f:O.l0
O.32:!:O.15
O.81:f:O.41
O.63:f:O.09

_HgT
Dissolved

Concentrations of HgT and CH3Hg+ in the epilimnion were highly variable over the study

period (1992). High concentrations ofHgT were observed in April. August. September

and November. with the highest value occurring in April (9.67:t 2.52 ngtL; For

CHJHg+, the highest concentrations were observed in October and November coinciding

with the turnover period. High concentrations of CH1Hg+ in the epilimnion during fall

turnover are likely due to the mixing of the hypolimnetic waters with high concentrations

..
~..ofCH,Hg+ Concentrations of HgTt CH,Hg+ and HgT were generally higher in the

3.23 ::t 6.97 ng/L. -1..97 ::t 4.22hypolimnion th;ln the epilimnctic with mean values of

ng/L and 8.26 :t 4.91 ng/L. rcspcctivcly in 1992.

Concentrations of TSS were generally below 4 mg/L throughout water column.

with the exception of April and Septembcr/October. Elevated concentrations of TSS in

April may bc attributablc to thc high solids loads introduccd to Onondaga L'lkc during

the spring high flow period of 1992 (Jacobs Cl al. 1995). Elcvatcd paniclc

concentrations wcrc :.l1so observed in thc hypolimnion during Scptcmbcr and October.

50



TSS concentrations.

Table 4.1.1.0 Monthly mean concentr3tions of "~T, CH:\H~+ and H~2+ ~'nd stand3rd
devi3tion occurrin~ in a dissolved 3nd particulate form in the hypolimnion of

Ononda~a L3ke. 1992 --- -. + r"- ,:t-

_HgT- _CH,Hg+- _HgT-t-,

3.5(}tO.99 1.1..O:t15.3 O.13:tO.Ol O.23:!:O.06 3.37.i:1.00 13.8~15.:?
2.12:tO.33 J.O5:!:O.67 O.25.:!:O.15 O.64:tO.36 l.86:1:0.29 :'.41:1:0.58
J.45~1.04 3.02:!:1.71 2.38~1.05 1.30:t0.88 1.07:1:0.48 1.7211.55
3.45:1:0.42 7.55::t3.31 1.98:1:0.34 3..1.3::t2.:?7 1.48:1:0.49 4.13~1.11
7 .8211.53 l).53~1.67 3.52tO.50 -J..43~1.62 -J..3O:t1.47 5.1O:t1.76
7.::!6~1.59 12.9:tl.86 3.86:!:O.75 _'.86:t2.35 .-:..4O:tl.19 ().00:t3.79
IO.45.:!:O.0 7. 35:tO.OO N/A 3.20:t0.OO 1.50:t0.OO ~.6O:tO.()()
2.40:t0.::!S .'.35:!:O.:?1 O.52tO.l::! O.84:tO.33 I.S9:tO.40 2.5:?:tO.I:?

1992
April
May
June
July

Augusl
September

Octobcr
Novcmbcr

5.9 1:t4.:? 1~36Z1.172.93:t2.98 2.~4:!: l.66~.15:t4.59Year 5.09::'=3.\

5.1.

Table 4.1.1.C Monthly mean concentrations of HgT' CHJHg+, HgT2+and TSS,
standard deviation and the mean fraction occurring in a particulate form in the

hypolimnion of Ononda~a Lake, 1~; -- .. ~. ww_/.+ .,.~~1992 HgT (ng/L) CH3Hg+ (ng/L) Hg + TSS

Particulate H T) (articulate CHJH +) (articulate H 2+) (m)
April 17 .50::!: 16.26 0.36:tO.05 17.151: 16.21 8.55::t:2.33

(80.0%) (63.4%) (80.3%)
May 5. 17:tO.75 0.9O:tO.51 4.27:tO.65 3.48:tO.85

(59.0%) (71.6%) (56.4%)
June 6.47:t:2.05 3.68:1:1.82 2.78:1:1.60 1.72:tO.44

(46.6%) (35.3%) (61.7%)
July i 1.00:t3.72 5.40:!:2.32 5.6O::!:1.40 2.90::!:2.97

(76.3o/c) (63.4%) (80.3%)
August 17.351:1.40 7.951:1.51 17.15:1:16.21 3.15:1:1.37

(54.9%) (55.8%) (73.7%)
September 20.58:1:1.85 7. 72:!:2.~8 9.40::!:1.58 6.53::!:5.31

(62.8%) (50.0%) (54.3%)
Octobcr l7.7O:!:N/A N/A 10.1Q+-N/A 7.6O:t:O.42

._- . -.



(20.58:1: 1.85 ng/L) and August (7.95:1: 1.51 ng/L), respectively. During the summer

pattern likely reflects the results of several processes including: I) the

mineralization/release of Hg associated with the recent deposition of particulate matter

(Hurley et aI.. 1995), 2) the mobilization of HgT2+ and CH]Hg+ from recent sediments

due to the formation of strong aqueous complexes of sulfide (Wang and Driscoll. 1995)

and 3) for CH:\Hg+, methylation that occurs under anaerobic conditions in the

hypolimnion. Bloom and Effler ( 1990) reported :l pattern of increasing concentrations of

Hg with incre3Sing depth in the lake.

Paniculate matter plays an important role in the chemistry, partitioning and

cycling of Hg in the water column of Onondaga Lake The pcrcent of HgT occurring in a

particulate form ranged from 41.0 % to 80.0 %. while particulate CH,Hg+ ranged from

The empirical33.4 % to 77.7 % of total CH ,Hg" in the water coiumn of Onondaga Lake.

relationship bctwcen particulate HgT ~md TSS for the epilimnion \Va." TSS (mg/L) = .44

x particul:ltc HgT (ng/L) - o. 79: r~ = 0.48 .md for thc hypolimnion was TSS (mg/L) =

0.46 x paniculate HgT + O:95~ r~ = 0.48. The rclation$hip between particulate CH~Hg+

.4 x particulatc CH~Hg+ (ng/L) - 4.27: r2and TSS forthc epilimnion W&15 TSS (mg/L; :::

= -0.08 x particulate CH~Hg+ + 4.49; r:= 0.02 and for the hypolimnion was TSS (mg/L~

These calculations showed relatively strong positive correlation between= 0.002.

paniculatc HgT and TSS in lhc cpllimniun (r! = 0.48) and in thc hypolimnion (r! = 0.48).

,
Variations in CH1Hg+ w~rc not correlated with TSS in the ~pilimnion (r- = 0.02) and

i~...



These values suggest that there is a

between particulate CH3Hg+ and TSS.

4.1.2

.4) on HgT. CHJHg+ and TSS inUsing data from previous studies (Chapter

The description of the data set used in this complilation is given in Chapter 3

A. Total Mercury (HgT) Mass Balance

.2.A using aThe mass balance of HgT in Onondaga Lake i~ ~hown in Figure 4.

composite of the best available data. This analysis suggests that major tributaries

lake. while outflows and volatilization rcmoved 4.67 kg/year of HgT from the lake. Of

"
while the volatilization wa.'\ assumed to be 0.15 kg/year. Both atmospheric deposition

, .

and volatilization were minor input and output in the HgT mass balancc

~3



Harbor Brook (0.07)
Ley Creek (0.28)
Onondaga Creek (1.41)
Ninemile Creek (4.41)
METRO (4.32)

Lake Outlet
(4.52)

[==~

Tributaries

g
Volatilization

(0. 15)Atmospheric deposition
(0.14)

~

Gross Sedimentation I

(48.0) ~ 7
v

./
'Y

I--J

Release from Hypolimnetic
Sediment

(1.97)

Burial
(47.7)

Figure 4.1.2.A Total mercury (H9r) mass balance in Onondaga Lake
(in kg/year)
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The most distinguishing feature of the HgT budget for Onondaga Lake were the

These values were approximately five times greater than the amount of HgTrespectively.

These very large fluxes likelythat enters the lake (10.64 kg/year) from external inputs.

represent resuspension and redeposition of particulate materials, likely from the

These large internal fluxes indicate that sediments are a major source of HgTepilimnion.

contamination within the lake. Apparently resuspension of sediments supply large

amounts of HgT into the water column and it is subsequently redeposited back to

.97In addition. the internal rate of HgT release in the hypolimnion was...ediments

kg/year

B. Methyl Mercury Mass Balance

2.BThe mass balance of CHJHg+ in Onondaga Lake is shown in Figure 4

Major tributaries including METRO contributed 0.45 kg/year. Internal production of

.01CH,Hg+ from hypolimnetic sediments (methylation and rclease from sediment) was

kg/year. Outflows removed 0.30 kg/year ofCH:lHg+ from the lake The gross

This.92 kg/year) was estimated trom the sedimentation trap sampling.sedimentation

value is about five times greater than the amount of CH,Hg+ that enters the lake trom

external sources (0.46 kg/year: 0.45 from tributaries and 0.006 from atmospheric

VaJues of CH:lHg+ deposition in sediment traps and rclea.'ic of CH:lHg+ fromdeposition),

Inhypolimnctic scdimcnts suggest vcry high ratcs of CH\Hg+ production in thc lake.

Rates of CH ,Hg+ production are ~ummarizcd for studie~ in the literature in Table 4 .2.8,

The rates of CH\Hg+ production estimatcd for Onondaga Lake are much grcatcr than

other values reponed in the lit~raturc for wetlands .md other lake ccosystcms. Ratcs of

~S



Harbor Brook (0.008)
Ley Creek (0.02)
Onondaga Creek (0.09)
Ninemile Creek (0.15)
METRO (0.2)

Lake Outlet
(0.3)

Tributaries (0.45) Atmospheric Deposition
(0.006)

==:>g
'"

6

~
"V

Burial
(0.2)

Release from Hypolimnetic
Sediments

(1.01)

Figure 4.1.2.8 Methlmercury mass balance in Onondaga Lake
(in kg/year)



burial of CH)Hg+ were relatively low which again is suggestive of elevated rates of

internal production ofCH3Hg+,

Table 4.1.2.B Com arison of CD]" + roduction rates ( r).

Location CH3He+ Flux Reference
0.12
0.08-
0.06-
0.007-
0.18 -
0.17

South Sweden
North Sweden
Wisconsin
Ontario upland
Ontario wetland
Adirondack region, NY
Ononda2:a Lake
Watershed
Lake

Lee and Hultberg (1990)
Lee et al. (1995)
Krabbenhoft et al. (1995)
St. Louis et at. (1994)
St. Louis et al. (1994)
Driscoll et al. (1998)
Gbondo- Tugbawa and Driscoll (1998)

0.1-0.24
84

Total Suspended Solids Mass Balance4.1.3

From thc abovc analysis. it is cvidcnt that the biogeochemistry of Hg in Onondaga

As a result a preliminary TSS massLake is closely coupled with particulate matter.

balancc for thc lake was dcvelopcd for Onondaga Lake. An undcrstanding of fluxes of

TSS C:ln provide in$ight on Hg tr:ln$formations using empirical relationships with TSS.

Thc result... of the TSSAn additional Hg budgct was dcveloped bascd on TSS nUXC!;.

]) showed that Ninemile Creek contributed the highest loading of TSSbudgc( (Table 4

(4.05 x 106 kg/year: 44.13 %) lo lhe l~e. Onondaga Creek supplied the next highest TSS

input (2.76 x 106 kg/year) contributing 29.09 % of TSS to the lake. Thcsc two tributaries

accounted for about 75 % of thc TSS lo~ldings (0 Onondaga Lakc. METRO cftlucnt

contributcd .1:).6 x 105 kg/year TSS load (9.40 %) to the lakc. l-farbor Brook and Lcy

7 kg/year ( I~. 75 %) TSS lo theCrcek contributcd 4.42 x 105 kg/ycar (4.62 %) and

~1

0.16
0.15
- 0.098
0.55



The total TSS load from tributaries including METRO was 9.17 xlO6lake, respectively.

kg/year.

Table 4.1.3 Loads of total suspended solids (TSS) and % contribution to the total
load of Ononda~a Lake.

Mean % Contribution to LakeTSS loading

4.24 xIO>
1.17 x 106
2.67 X 106
4.05 X 106
8.63 X 105

4.62
12.75
29.09
44.13
9.40

Total In 9.17 x 100 N/A
Outfto 1.35 x 10 N/A

The two sinks for TSS in Onondaga Lake were gross sedimentation (5.56 x 107

kg/year) and lake outflow .35 X 106 kg/year). Of these losses. gross deposition

represents 98 % of the total sinks. The flux of TSS in sediment traps was much greater

Therefore. it wa... assumcd that the diffcrenccthan loads from tributaries (9.17 xl 06 kg).

between input load~ and output load~ was due to the internal production ofTSS (4.63 x

Internally produced particlc$ include phytoplankton and107 kg/year) in Onondaga Llkc

inorganic precipitates (c.g.. CaCO:l particles) (Driscoll et al.. 1993: Effler and Johnson.

32xlO61987) The scdiment burial and mincralization were 3.99x1O7 kg/year and

The ma$S balance of TSS in Onondaga Lakc is shown in Figurckg/year. respectively

4.1.3

The dynamics of the phytoplankton arc an important rcgulator of thc panicle

concentrations of the upper waters of thc lake (Effler ct a1.. 1996). ,\ccording to Efflcr

1996). approximately ",5% of thc tota! panicle cross scctional arc:! per unit volumc

511



lake Outlet
(1.35x106)

[=::::~

Harbor Brook (4.42x105)
Ley Creek (1.17x106)
Onondaga Creek

(2.67x106)
Ninemile Creek
(4.05x106)
METRO (8.63x105)

g Tributaries
(9.17x106)

Sedimentation
(S.S6x107) Internal Production

(4.63x107)

<;;;:;::=::>~

"

v
Burial

(3.99x107)
Mineralization

1 .32x 1 06)

Figure 4.1.3 Total suspended solids (TSS) mass balance for Onondaga Lake

(in kg/year)
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processes (Effler. 1996). About 60% was associated with biological (e.g.. phytoplankton)

production. 25% was attributed to inorganic particle (e.g.. CaCO3) fonnation. The

remaining 15% was received from tributary inputs. These estimations are very similar to

the TSS budget for this study. 83 % of total TSS was derived from internal production of

panicles, while 17 % was obtained from external source.

Partition Coefficients4.1.4

The partition coefficient (~) quantifies the tendency of the contaminant (Hg

species for this study) to a..c;sociate with solid matter. The partition coefficient is

calculated as following.

partic~lateHg ITSSPartition coefficient =
dissolvedHg

Thus. for weakly sorbing contaminants (low ~) in systems with low suspended solids.

the contaminant will be predominantly in dissolved form. For strong sorbers in turbid

systems. the contaminant will bc strongly associated with suspended solids.

!+ in the water columnThc p:.lrtition cocfficicnts of HgT, CH:tHg+ and HgT

(epilimnion and hypolimnion) of Onondaga Lake were calculated in this study. The

logarithm values of Hg spccicsffSS panition coefficients in the lake were very high.

Partition coefficients showed no strong patterns with dcpth or se:l.c;on (Table 4.1.4.A and

rhere were also few diffcrences in the panition coefficicnts for HgT:!+4.8)Table 4

and CII ,Hg+. The only noticcablc pattern was :l maximum in the partition coefficients

in the hypolimnion in c:Jrly summer (May-July) followed byfor both CH ,Hg+ ;md HgT'

This subtle shift in the partitioning:.t decrease until October and Scptcmbcr. respectively



Table 4.1.4.A Logarithm partition coefficients (Ukg) in the epilimnion of Onondaga
Lake.

CHJH~+~~
5.22:!:0.25
5.59:!: 0.33
5.80:!: 0.18
5.93:t 0.30
5.13:!:0.2l
5.64:f:0.29
5.37:t0.15
5.99:f: 0.27

5.22:t: 0.24
5.62:t: 0.28
5.82:t:0.16
5.93:t: 0.28
5.15:t: 0.20
5.65:t: 0.27
5.43:t:0.12
5.92:t. 0.24

April, 1992
May, 1992
June, 1992
July, 1992

August, 1992
September, 1992

October, 1992
November. 1992

-- ~~

Average. 1992 5.59::t:O.22 5.71::t:O.21 5.58::t:O.2S

Table 4.1.4.8 I..ogarithm partition coefficients (L/kg) in the hypolimnion of
Ononda~a Lake.

...", Date HgT' £H:1Hg: - ~gT~ --

April. 1992 5.67:1: 0.38 5.31:1: 0.05 5.68:1: 0.39
May. 1992 5.62:1:0.16 5.86:1:0.27 5.57:1:0.18
June. 1992 5.70:1:0.34 5.51:1:0.30 5.93::t:O.63
July. 1992 6.06:1:0.19 5.80:1:0.37 6.41::t:0.05

August. 1992 5.59::t:0.28 5.60::t:0.32 5.58::t:0.33
September. 1992 5.47::t:0.45 5.22::t:0.31 5.64::t:0.57

October. 1992 4.96::t:N/A 4.68::t:N/A 5.86::t:N/A
November. 1992 5.84::t:0.05 5.91 ::t:0.:?5 5.82:1:0.15--~

5.81:tO.33~6r:t:O.~ 5.49:t 0.27A Ver31!C. 1992

The K. values of HgT and CH,Hg" were generally greater in the epilimnion than those in

the hypoiimnion. However. the K" vaiucs for Hg~" wcrc <Ycncrall'" "rcatcr in the
::. .I ::.

For HgT, the average of log ~ wa..'i 5.59l.Jkghypolimnion than thosc in thc epilimnion

Thcse results arc in:md 5.61 Ukg for the cpilimnion and the hypolimnion. rcspcctivcly

1994) tor Little Rock Lake (4.5good agreement with that observed by Hurtcy ct at.

(t!



5.7) and by Stordal et al. (1996) in laboratory experiments (5.4 - 5.7). However, these

values are slightly higher than the results obtained by Stordal et at. (1996) in Texas

estuaries (4.6 - 5.2).

Estimates of HgT and CH3Hg+ Fluxes from TSS4.1.5

Concentrations of HgT and CH3Hg+ in particulate matter in tributaries, the water

column (epilimnion and hypolimnion), sedimenting material and surface sediments are

shown in Table 4.1.5.A.

Table 4.1.5.A Mean concentrations of particulate HgT and CH3Hg+ (~g Hglg TSS)
and standard deviation (std) in different systems of Ononda a Lake.

MgT LH,HI!+
0.010
0.006
0.021
0.004

0.800::!:: l.200
0.070 ::!:: 0.005
0.006 ::!:: 0.007

0.4
0.1
1.8
0.2

2.8 :t: 2.1
1.3:t:O.Ol
1.8 :t: 1.1

Ninemile Creek
Onondaga Creek

METRO
Other tributaries

Mean ::!: std
Mean ::!: std

Mean ::!: std

Tributaries

Water Column
Sediment Trap

Surface Sediment

The concentration of HgT in p:1rticulate matter \Va." relatively low in tributaries. ranging

8 for METRO.from O.ll.1g/g for Onondaga Creek to 0.4 l.1g/g for Ninemilc Creek and

There wa~ a markcd cnrichment in the Hg contcnt of particuiate mattcr from the

tributaries to the lake. as evident by high Hg content in the water column particles (2.8

.75 ~g/g). This pattern of
l.1g/g). scdimcnting p~lrticlc$ 3 ~g/g) and surface scdimcnts

enrichment of Hg content of paniculatc matter seems in conflict with large internal rates

of panicle production for the l;ike. Indeed. if external inputs of Hg arc assumed to

complctcly p~lrtition to thc solids $upplied to Onondaga Lakc (intcmal and c~tcma1). thc

This v~tluc isHg contcnt of particulatc m~lttcr in thc I~lkc would bc 0.23 ~g/g

~~



approximately an order of magnitude than the measured in-lake values. Again this

discrepancy is suggestive of an internal sediment source of Hg to the water column of the

lake. From the TSS mass balance and concentrations of HgT and CH3Hg+ associated with

particulate matter. it is possible to estimate HgT and CH)Hg+ mass fluxes associated with

particulate matter. Loadings ofTSS multiplied times concentrations ofHgT and CH)Hg+

associated with particulate matter in particulate matter yield fluxes of Hg associated with

These fluxes are compared with the mass balances of HgT andparticulate matter.

CH3Hg+ presented above in Table 4.1.5.B

Table 4.1.5.8 Comparison of fluxes of HgT and CH]Hg+ (in kg/year) derived from
TSS fluxes with mass balances of H2T and CHJH2+. - - - -. . _.

Fluxes from TSS Mass Balance (4.1.2)
HgT CH~Hg+ H_~:1; C~,-"-g+

Tributaries 2.38' 0.07 10.5 0.36
Gross Sedimentation 74.60 3.89 48.0 1.92
Burial 69.72 0.25 47.7 0.20
Outlet 3.83 1.11 4.52 0.30

The tributary t1uxcs trom TSS (2.38 kg/ycar and 0.07 kg/year for HgT and CH \Hg".

respectively) were much Icss than observed fluxes (10.5 kg/year for HgT and 0.36 kg/year

This discrcpancy suggcsts that much of the input of Hg to Onondaga Lakefor CH,Hg+).

occurs in a dissolved fonD. Auxes of sedimcntation (74.60 kg/year and 3.89 kg/year for

HgT and CH,Hg+, rcspcctivcly) ~md burial (69.72 kg/year and 0.25 kg/year year for HgT

and CH\Hg+, respectively) from TSS were somewhat greater than the observed sediment

.92 kg/year for CH,Hg+) and burial flux (47.7 kg/year forflux (48 kg/year tor HgT .md

The discrcpancy bct\vccn mcasurcd and calculatedHgT .md 0.199 kg/year tor CH \Hg").

~J



values based on the TSS might be indicative of errors or uncertainty in either or both

prior to incorporation in the sediments.

Mercury Concentration and Bioconcentration in Aquatic Species4.1.6

Historical and current discharges of Hg to Onondaga Lake, New York, have

resulted in elevated Hg concentrations in lake fishes. At the same time. the distribution

of Hg in aquatic food webs has received considerable attention because of the tendency

for CH3Hg+ to bioaccumulate in organisms.

A. Bioaccumulation of Mercury in the Aquatic Food Chain of Ononda~a Lake.

Bioaccumulation is the process by which organisms (including humans) can take

The values of HgT, CH)Hg+,materials more rapidly than their bodies c:m eliminate.

and the % of HgT occurring as CH3Hg+ were calculated at each level of a food1+
HgT

.6.A).chain (Table 4

Concentrations of Hg in aquatic biota and the fraction of Hg occurring as CH3Hg+

increase with increasing trophic level. This pattern can be explaincd by

biomagnification. which is thc incrcmental incrcase in concentration of a contaminant at

each level of a food chain. This phenomenon occur:; becau:;c the food source tor

The bioaccumulationmagnifying bioaccumuiation rates at the top of the food chain

generally incrca...cs thc longcr an organi$ffi lives. so that larger. long-lived prcdatory

game fish willlikcly have thc highcst Hg concentrations and much of this Hg occurs in

the highly toxic CH\Hg+ form. Adding to this problem is the fact that Hg concentrates in

the musclc tissuc of fish (Grieb ct al.. 1990). So. unlike organic contaminants (c.g. PCBs.

(~



dioxins) which concentrate in the skin and fat. Hg cannot be filleted or cooked out of

consumable game fish.

With increases in bioaccumulation of Hg with each level of a food chain, the

CH)Hg1 to omnivore (0. 78 ~g Ig, 97 % of CH)Hg1.

Table 4.1.6.A Bioaccumulation of mercury in the aquatic food chain of Onondaga

Lake. - HgT CH]Hg'" HgTJ.+

- ... ~~~~-o ... ~~~~., ., ~~~~.(J % of met~~1 mercury-
Water 2.5 x 10 3.0 x 10 2.0 x 10 10
Phytoplankton 5.3 x 10-6 1.0 x 10-6 4.0 x 10-6 20
Zooplankton 1.5 x 10'] 4.4 x 10's 1.1 x 10.] 29

Planktivore
(gizzaed shad) 0.23 0.20 0.03 87

Omnivore (carp, cat fish ,
and white perch) 0.78 0.75 0.03 97

Piscivore
(walleye) NI A2.27 N/AN/A

The percentage of HgT occurring as CH lHg" varied throughout the lake food web and

The rc$ults of this ~tudy conform the conclusions ofincreased in highcr trophic lcvels.

previous studies that CH ,Hg+ is more efficiently transtcrrcd to higher trophic Icvels of

aquatic food chains th:m is HgT~+ (Boudou and Ribcyrc. 1981. 1985: Watras and Bloom.

1992).

B. Gioconccntration Factors

The bioconccntration factor (BCf) l\uantifics the tendency of thc contaminant (Hg

species for this $tudy) to a$sociate with living organisms. The bioconccntration factor is

calculated .1S following:



...

calculated in this study (Table 4.1.6.B)

=== -5 ~iesLo2 B~ ~~H~H2+> ~2 B~~
Phytopl:mkton -0.33 0.007
Zoopl:mkton 2.30 0.270
Gizzard Shad (pl:mktivore) 4.96 4.130
Blue Gill (benthivore) 5.15 4.130
White Perch (omnivore) 5.66 3.980
Walleye (oiscivore) 6.01 N/A

These data rcveal pattcms ofzoopl:mkton (2.30 Ukg) to fish (4.91 to 6.01 Ukg).

The pl61nktivorc. gizzard ~h61d.CH,Hg+ bioaccumulation dcpcnding on fi$h food ~ourCC$

~pecic~ in Onondaga Lake
'.. ..- wcrc $mallcr th;m those for CH ,Hg . £:'unhcrmorc.

The to~ BCF V;1tUC~ for H"
T~ ::1

3 Uk") to ontnlVOrc
~

TI\is rc$ults suggcsts that CH \Hg" is much more casily
whitc pcrch (3.tJ8 Ukg).

'.6



2+ in the aquatic organisms and the percentage of HgT occurringbioaccumulated than HgT

as CH3Hg+ increases in higher trophic levels (omnivore and piscivore).

C. Fish Hg Concentrations with Fish Age

Mercury concentrations in fish (smallmouth bass and white perch in Onondaga

Lake) were calculated of different age classes (Table 4.1.6.C. Figure 4.1.6.C.A. and

Figure 4.1.6.C.B).

Table 4.1.6.C Mean H~ concentrations and standard deviation in smallmouth bass
and white perch of different a~c classes. - --- - (1974-1994) (1973-1992)

Age of fish Smallmouth bass H (J1) White rch H (J1g1g)
2 0.54 :t 0.31 0.66 :!: 0.31
3 0.85 :t 0.29 0.91 :t 0.28
4 0.96 :!: 0.32 0.80 :!: 0.33
5 1.15:!:0.42 0.91:!:0.33
6 1.27 :.t 0.52 0.95 :!: 0.38
7 1.32 :!: 0.48 1.20:!: 0.44
8 1.62:t 0.44 1.12:t 0.49
9 1.55 :.t 0.54 1.55 :t 0.72
to 1.82 :.t 0.77 1.69 :.t 0.64
11 1.70 :.t 0.45 NI A

As observcd in other studics. concentrations of Hg in fish tissuc increased with increasing

fish agc class in Onondaga Lakc <Driscoll ct al. 1994). The 10 ycar agc class for

82 JIg/g) had almost two times highcr Hg conccntration than 3 ycarsmallmouth bass (

age class (0.85 l.1g/g). and the 10 YC:1r age class white perch (1.69 l.1g/g) had about twice

higher Hg concentration than the 3 year age cl:l.')s (0. 91 ~g/g).
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Understanding food sources for smallmouth bass and white perch help provide

insight on the patterns of Hg concentrations in different age classes. Smallmouth bass

juveniles initially feed on crustaceans and aquatic insects, which older age-classes prey

on small fish as they grow larger (http://www.pvisuals.com). Crayfish are the favored

food. but smallmouth bass also eat larval and adult insects. frogs. and tadpoles. and a

variety of small fish (http://www.pvisuals.com). This pattern of changing food source

with age help explains the increases in Hg concentration in the fish tissue of older age

classes.

White perch have been found to eat the eggs of walleye. other white perch and

possibly other species as well. Fish eggs are an important component of the diet of white

This diet is unique in that eggs are eaten for a comparativelyperch in the spring months.

long time. They also feed heavily on minnows (httQ://www.sca2rant.wisc.cdu>.

D. Smallmouth Bass Hg Concentrations between 1975 and 1996.

The Hg concentrations of smallmouth bass (4-6 age class) for approximately last

.6.0).20 years were calculated using data from NYSDEC (Table 4 .6.0 and Figurc 4

Table 4.1.6.0 The Hi! concentration~ of .'imallmouth bas~ 1".6 a~e class) over time.
Hg concentration

l :_e~ - ~~~~)--1988 1.45 :t 0.35
1989 2.13:t 0.57
1991 0.77 :t 0.11
1992 0.72 :t 0.07
1995 1.36 :t 0.29
1996 0.96:t 0.11

Hg conccntration
(JIg/g)Year

1.20 :t 0.27
0.65 :t 0.05
1.31 :t 0.01
0.94:t N/A
1.25 :t 0.17
1.05 :t 0.17
1.71 :t 0.09
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As mentioned in Chapter 1.4, after the closure of the soda ash manufacturing, a marked

increase in Hg concentrations in smallmouth bass (up to 2.13 ppm in 1989) was observed.

There are several factors that may contribute to the step increase in fish Hg

concentrations that followed closure of the chemical facility. After the closure there were

marked reductions in inputs of Ca2+. Na + and CI- to the lake. This resulted; 1) decreases

in the precipitation of CaCO3 and therefore a decrease in the settling velocity of particles

and a decrease in panicle deposition from the water column (Womble et aI., 1996),2)

decreases in the precipitation of CaCO) resulted in increases in lake pH from 7.82 to 8.22

and 3) decreases in inputs of salt resulted in a increase in zooplankton populations and

therefore a decrease in the deposition of organic paricles The cr concentrations in

Onondaga Lake decreased approximately 70%. According to Ponce and Bloom (1990),

fish bioaccumulate CH:lHg+ in inverse proportion to the water pH. This effect may be

The marked decrease in cr concentrations in themagnified further up the food chain.

lake could have a similar effect as decreased pH. in that less of the CH~Hg+ becomes

complcxcd into negatively charged ligands. which might be more bioav:'lilablc. Decrcase

in the scttling velocity of particlcs may diminish the transport of Hg to the hypolimnion.

A decrease in panicle concentrations due to increased zooplankton grazing may reduce

particle binding of Hg and cnh;mcc the bioavailabilty of Hg. Either of these mech;misms

could explain the marked increase of Hg concentrations in smallmouth b\lSS after 1986.

According to Bcckcr and Bigham ( 1995). Hg concentrations in fillets of

Onondaga Lake fishes have declined substantially from the values found in the early

1970s. Concentrations of Hg in white pcrch and sm:llimouth bass were about 5 ~g/g and

In t 992. l:onccntrations of Hg in whitc pcrch and:? ~g/g In the e~trly I 970s. rcspcctivcly



smallmouth bass were> I ~g/g and < 1 ~g/g, respectively. They indicated that the

substantial reductions in Hg discharges to Onondaga Lake that have resulted from various

regulatory actions initiated in 1970.

Model CalibrationA.

The Regional Mercury Cycling Model (R-MCM) was used to simulate the mass

balance of HgT and CH,Hg+ in the lake. This is a steady-state mechanistic model.

designed to simulate the biogeochemical cycling of Hg in lakes. Input parameters include

lake/watershed physical characteristics. water chemistry, atmospheric deposition and

aquatic biomass. Most of these parameters we~re obtained from Effler (1996).

Atmospheric deposition was estimated based on values of 10 Jig HgT/m~-ycar (Fitzgerald

et al.. 1991) and 0.016 ~g CH1Hg+/m~-ycar (Fitzgcrald et al.. 1991) in wet deposition.

A dry deposition flux of HgT of 3.5 ~g/m~-ycarapplicd to thc lakc surfacc arca.

1 <)91) was assumed in the modcl. Groundwatcr flux \V~lS cstim~tcd(Fitzgcrald ct ~1l

from conccntration$ of Hg in groundw:'ltcr (Jacob~ ct al.. 1995) applicd to thc cxpcctcd

groundwater flow into the lake (Effler. 1996).

Thc major input paramctcrs uscd in this study arc summarizcd in Table 4.2.A.

Particlc scttling velocity in epilimnion .md hypolimnion were incrca.o;cd (2 m/day to 3

m/day) to match mca.-;urcd values rcportcd Onondaga Lakc ba...ed on TSS values in the

cpilimnion (Efflcr and Whitehead. 1995) and TSS dcpo~ition in ~cdimcnt~ trap~ (Womblc

ct a1. 1996). Thc p~lrtition cocfficicnt of Hg~" in thc hypolimnion (5 x 1010 m'/g to 5



xlO" m3/g) was adjusted from default the value to account for the strong binding of

concentrations in the water column observed by Bloom and Effler (1990). Because the

model tended to predict high HgO concentrations. rates of demethylation in hypolimnetic

sediments (0.0001 to 0.000001 m2/g TOC-day) and rates of Hg2+ methylation in

epilimnetic and hypolimnetic sediment (0.0003 to 0.00003 m2/g TOC-day) were adjusted

from default values so that model simulated values matched measured water column HgO

concentrations. Default values for the model were used for all other parameters (Tetra

Tech. 1996).

With the epilimnetic seston concentrations (TSS), it was assumed that about 70 %

of epilimnetic seston settle (input called EpiDeadPart), while 20 % was living

phytoplankton and 10 % was living zooplankton. The following proportions were

maintained in the inputs to epilimnetic sediments: cpilimnetic scston : burial velocity

mineralization were equal to I: 0.28 : 0.014. Similarly. for hypolimnetic sediments. the

following proportions were maintained: hypolimnetic seston : burial velocity

0.003 (Harris. Tctra Tcch Inc. unpublished).mineralization ratc were equal to

Table 4.2./\ Modified input paramete~ for !his ~tudy. .. . - "---

input p:lrarnctcrs Default v:llucs Moditicd v:llucs for
this study

3 m/dOlY2 m/day

5 X lOll In jig5 X 1010 m'/g

().ooooo 1 m~/g TOC - Jay0.0001 m~/g TOC - Jay

Particle settling velocity in
epilimnion and hypolimnion
Partition coefficient of HgT2t-

(hypolimnion)
Dcmcthylation ratcs in
hypolimnctic sediments

Hg!t- Incthylation in
Epilimnetic and hypolimnetlc

sediments
().OOOO3 m~/!! TOC - Jay0.0003 m~/2 TOC - day

1"
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The model was used to predict Hg concentrations in the water column. sediments and

To assess the possible Hg remediation scenarios. hypotheticalin recent studies.

simulations were considered with the calibrated R-MCM.

Current InputsB.

Results from R-MCM calibrated with current inputs of HgT and CH3Hg+ were

This was done in order to appraise the performance of the model in
:Table 4.2.B)

Concentrations of HgT and CH1Hg+predicting concentrations of HgT and CHJHg+,

simulated by the model in the epilimnion, hypolimnion, and in fish lie with in the range

of observed values from previous studies. Concentrations of HgT and CH3Hg+ obtained

The exception for this pattcm wa.o; evident in Hg concentrations in
and Driscoll (1998).

ng/L) were onty one half of the vatue (29.5 ng/L) from Gbondo- Tugbawa and DriscoU

This difference in simulated(1998). while values of CH:lHg+ were much higher.

concentrations of HgT and CH,Hg+ in the hypolimnion could be explained by the increase

particle dcposition velocity used in these simulations in comparison to values used by

Gbondo- Tugbawa and Driscoll (1998).

1'r
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The R-MCM was used to simulate mass fluxes of HgTand CH:\Hg+ in the lake

Auxes of HgT and CH~Hg+ obtained from previous studies are also(Table 4.2.8.8)

included in Table 4.2.8.8 for comparison. The total input of HgT to the lake was 12.2

Atmosphcric deposition directly to the lake surface. which includes both dry and wet

deposition. Oiccountcd for Oibout 2.7 % of thc input fluxcs. Othcr inputs from minor

lributarics and groundwater were estimated to contribule around 2.6 % or the input

fluxes. The sinks of HgT include the lake outflow. volatilization and sediment burial.

Outflow of HgT from the lake W~L'i estimated to be 7.56 kg/year (72 % of the HgT sinks),

whilc 2.95 kg/year (28 % of thc HgT sinks) W:'1S rct:1ined through thc burial

The major tributaric~ including METRO ~upplicd 0.35 kg/year of CH:lHg+ to

The major source ofOnond..lga Lakc. about 16 % ofthc total inputs (2.13 kg/year)

77 kg/year: 83 % ofthc total CH,Hg"CH,Hg- in the lakc \\':.1... nct intcrn:ll production (

input~). ,\tmosphcric d~position and inputs from minor tributaries and groundwater were

76



The majorminor sources contributing less than 0.5 % to the CH3Hg+ inputs of the lake.

+
and outflow (0.583 kg/year; 28.3 % of the total CH,Hg sink).

These tluxes were compared with previous studies conducted in Onondaga Lake.

For the most part ~imulatcd values agreed with measured fluxes. Major di~crcpancies

between measured and model simulated values were evident for water column deposition

1.6 kg/year for CH:lHg"~of Hg (48 Ys. 24 kg/year tor HgT and .92 vs. The lower

simulaled value of HgT deposilion lO scdimenls compared lo measured values could be

explained by thc fact that measured v~"ues obtained from scdimcnl traps rcpresent

summer condition. when solids deposition is maximum. Indeed. Womble ct al. (1996)

assumed that annual ratcs of solid dcpo5ition were about half of ~ummcr measured

valuc~. (n contrast. the very high ratC$ of CH ,Hg+ dcpo~ition to ~cdimcnt~ simulated with

R-MCM arc difficult to explain. Il1crca.~cd panicle velocity could explain the difference

71



in burial rates between Gbondo-Tugbawa and Driscoll's stUdy (1998) and this study. For

CH3Hg+. net methylation was the major source and sediment burial was the major sink.

In all mass balances, sedimentation rates (settling rates) were much higher than the total

inputs to the lake. This indicates that resuspension is a major mechanism of Hg supply to

the water column.

and mineralization, respectively, Table 4.2.B.C) simulated by the R-MCM were

compared with measured values (5.6 x 107 and 1.3 x 106 kg/year for sedimentation and

The higher measured values of TSSmineralization. respectively) in Onondaga Lake.

deposition to sediments compared to simulated values could be explained again by the

fact that measured values obtained from sediment traps represent summer condition.

This discrepancy could explain the differencewhen solids deposition is maximum.

These model calculations showed thatbetween measured and simulated fluxes of HgT.

Hg deposition to the sediments largely depend on solids deposition in the lake since Hg

has a strong tendency to be a...sociated with TSS. Also this study suggests that a great

ponion of the scttling tluxcs arc due to rcsuspcned from sediments (approximately 90 %

and 80 % for the epilimnion and hypolimnion. rcspcctively. ;\ppendix VI).

Table 4.2.B.C Comparison of mass fluxcs of TSS (kg/year) for ()nonda~a Lake with
measurcd rcsull~ and modcl simulations \vith R-MCM.

- - .. #S;ttli~,?, A ~~~~k/Resu~~n~'on Mi¥c~a~i~~~onMeasurcd values 5.6 x 10 4.0 x 10 N/A 1.3 x 10

Simu10ltcd vOllucs
(h limnionl 3.7 x tO7 6.8 X 10(' 3.0 X 107 5.4 x 10s
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c. Scenario Inputs

The effects of changing chemical and physical parameters on Hg concentrations

in the epilimnion. hypolimnion. sediments and fish. and fluxes in the lake were

investigated using the R-MCM. The fish species used in the simulation was smallmouth

bass and Hg concentrations for five-year age class of smallmouth bass were reported.

The various scenarios investigated were the following.

a) Hg Remediation Scenarios

Several scen'J.fios of changes in direct reduction of Hg inputs were simulated.

) were compared to increased external inputs of Hg by 100 %Current inputs (scenario

(scenario 1.2) and reduced inputs of Hg by elimination of sources of Hg to the lake from

METRO and leachate from the former chlor-alkali facilities (scenario 1.3. 1.4 and 1.5).

Results of the concentrations and fluxes for Hg remediation scenarios are given in

Table 4.2.C.A.A. 4.2.C.A.B and 4.2.C.A.C.

Table 4.2.C.A.A Simulated concentrations of Hg in water (ng/L), sediments (~g/g)
and fish in Ononda~a I.ake for the various scenarios considered.

Fish--
Euilimrnon- HV1>olimnion Sediments

Scen41rio HgU CH,- HgT HglI CH,- HgT CH,- HgT CH,-

Hg+ - H~+_- . - -- ~2~,.. ~...A H~~
1.1 0.013 0.33 lJ.13 0.40 7.72 15.89 0.39 0.74 1.02

1.2 0.021 0.64 17.69 QS2 15.23 31.49 0.76 1.43 l.99
1.3 0.016 0.24 6.32 0.42 5.65 11.67 0.28 0.52 0.74
1.4 0.015 0.18 ~.94 0.41 4.30 9.09 0.22 0.40 0.56
1.5 0.013 0.09 2.31 0.31 2.02 4.34 0.10 0.19 0.27

2) resulted in incrcasc5. \vhile rcduction5 inDoubling the tributary loads (sccnario

.5) rcsultcd in dccrc~scs in Hg conccntrations in thc lakc3totributary loads (sccnario
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water quality characteristics are assumed to remain constant, percentage increase and

When inputs of Hg were doubled (scenario 1.2), concentrationsincrease and reduction.

sediments and fish were reduced by about 75 %. Similar patterns were observed in fluxes

of HgT and CH~Hg+

Table 4.2.C.A.B Major fluxes of HgT (kg/year) in Onondaga Lake for various
scenarios considered.
Scenario Inflow ~treams Outflows Settlin Burial Resus nsion

1.1 9.90 7.56 24.03 2.95 12.7
1.2 19.80 14.64 35.56 5.69 24.7
1.3 6.70 5.24 12.91 2.07 8.9
1.4 5.06 4.08 9.97 1.60 6.9
1.5 2.03 1.90 6.15 0.75 3.5

According to Gbonda-substantially rcducc Hg concentrations in water column and fish.

Whilc these differences arc undoubtcdly important. thcy arc not reflected in the
facility)

model calculations

~()



Table 4.2.C.A.C Major fluxes of CH3Hg+ (kg/year) in Onondaga Lake for various
scenarios considered.
Scenario Inflow Net

streams Outflows Settling Buri~ methYla!i~~ Resuspensi~g
1.1 0.36 0.58 11.61 1.55 1.77 6.7
1.2 0.71 1.14 16.93 3.02 3.45 13.1
1.3 0.31 0.42 6.28 1.12 1.23 4.9
1.4 0.21 0.32 4.8 0.85 0.96 3.7
1.5 0.11 0.15 3.03 0.40 0.44 2.0

---~

b) Effects of Changes in Allied Signal Activities

The closure of the chemical facility adjacent to Onondaga Lake has had profound

This perturbation may have consequences for biogeochemistryeffects on water quality

and bioavailability of Hg. Closure of the chemical facility has resulted in an

approximately 0.5 pH increase in the water column of the lake due to decreases in

The closure also resulted in markedprecipitation of CaCOJ (Driscoll ct al.. 1994)

decreases in cr concentrations (Driscoll et al.. 1994). Chloride is an important

The effects of ch:mges in Ct" were examined by 350 %complexing ligand of Hg.

incrca.o;e (sccnario 2.3), 3 10 % dCCrC3$C (sccnario 2.4), a 20 % dccrcasc (scenario 2.5)

and a 50 % dccrca.-;c (scenario 2.6) in water column cr concentrations. f:'inally dccreases

This coincidedin Ca load to the lake rcsulted in decrcases in the formation of CaCO,.

1995).with decreases in rates of panicle deposition in the water column (Womble et aI.

This effect wa.'\ $imulatcd by decreasing ($ccnario 2.7) and incrca$ing (sccnario 2.8) the

particle settling velocity in the lake by 50 0/0.These hypothetical conditions were

compared to the calibrated model {scenario 2

The model results of the conccntrations ~md fluxe~ tor thcsc hypothetical changes

resulted from changcs in the lake due to the chcmical facility arc given in Table

~(



4.2.C.B.A. 4.2.C.B.B and 4.2.C.B.C. When pH increased by 0.5 in the water column

(scenario 2.2), Hg concentrations in fish decreased 2% and concentrations of CH)Hg+

increased about 55 % in the epilimnion and about 60 % in the hypolimnion. Increased

reduction of HgT2+ in neutral pH lakewaters may be an important mechanism for

decreasing the supply of substrate for in-lake methylation (Fitzgerald et al. 1991). The

results from scenario 2.2 confinn that reduction is a highly pH-dependent process.

Concentrations of HgT2+ decreased with higher pH, while concentrations of CH3Hg+

increased.

Table 4.2.C.B.A Simulated concentrations of Hg in water (ng/L), sediments (~g)
and fish ( ) in Ononda a Lake for the various scenarios considered.

Eoilimnion- Hvoolimnion Sediments ~
Scenario HgO CH3- HgT Hg() CH3- HgT CH3- HgT CH:\-

H~+ -H~+_- - - -- ~~~- - -. H~+,..,.
2.1 0.013 0.33 9.13 0.40 7.72 15.89 0.39 0.74 1.02
2.2 0.014 0.51 9.01 0.41 12.48 17.97 0.33 0.76 1.00
2.3 0.Ol5 0.28 9.88 0.42 6.67 l5.85 0.43 0.62 1.09
2.4 0.013 0.34 8.90 0.40 7.98 15.65 0.38 0.78 1.00
2.5 0.014 0.35 8.64 0.40 8.27 15.40 0.36 0.82 0.97
2.6 0.014 0.39 7.61 0.41 9.34 14.44 0.30 1.00 0.87
2.7 0.013 0.53 10.03 0.40 6.28 11.96 0.31 0.52 1.08
2.8 o.O!_L- 0.24 8.44 0.46 8.47 19.20 0.43 0.90 0~5

is the substrate for methylation, the effects of rcduction on CH,Hg+Since HgTZt-

~.. variations (Watra.~ and Huckabce. 1994). Thusconcentrations roughly parallcl the HgT

reduction should bc ~ major contributor to dccrcases in fish Hg. Othcr than the

:.. .and CH,Hg" in the w.ltcr column and fish. changes in pH did notconccntrations of HgT

affect model simulations when compared to values trom ~ccnario 2 (current inputs).

S2



Table 4.2.C.B.B Major fluxes of HgT (kg/year) in Onondaga Lake for various
scenarios considered.- - - -~ - -

Scenario Inflow streams Outflows Settling Burial Resuspension
2.1 9.9 7.56 24.03 2.95 12.7
2.2 9.9 7.48 24.98 3.02 13.0
2.3 9.9 8.06 14.69 2.45 10.6
2.4 9.9 7.40 25.09 3.09 13.4
2.5 9.9 7.22 26.28 3.27 14.1
2.6 9.9 6.52 30.87 3.95 17.1
2.7 9.9 8.46 8.95 2.04 3.3
2.8 9.9 6.91 32.36 3.58 25.2-

Changes in cr concentrations altered concentrations and transfers of Hg, because

Ct- complexes Hg and uptake of CHJHg+ in phytoplankton is a function of the species

associated with inorganic complexes in the water column (scenarios 2.3 - 2.6). As cr

concentrations decreased. concentrations of CHJHg+ in the water column. settling flux of

HgT Olnd burial flux of HgT increased. while the concentrations in fish. concentrations of

HgT in the water column. settling flux of CH,Hg+ and the outflow fluxes of HgT Olnd

CH]Hg+ decreased. This an61lysis suggests that the increase in fish Hg concentrations

Immediately following the closure of the soda ash milDufacturing facility was probably

not due to decreases in cr concentrations in the lake

Table 4.2.C.8.C Major fluxes or CH.\Hg+ (kg/year) in Onondaga Lake ror various
scenarios considered.- -
Scenario Inflow Net

streams Outtlow~ Settling Burial methylation Resuspension
2.1 0.36 0.S8 11.61 loSS 1.77 6.7
2.2 0.36 0.71 9.60 1.30 1.65 5.7
2.3 0.36 0.S7 9.S9 1.70 1.91 7.4
2.4 0.36 0.S8 11.22 1.49 1.71 6.6
2.5 0.36 0.S8 10.79 1.43 1.64 6.3
2.6 0.36 0.58 9.16 1.18 1.39 5.S
2.7 0.36 0.93 4.72 1.23 1.80 2.0
2.8 0.36 0.42 14.12 1.70 1.96 12.0~ -
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Changes in particle velocity altered concentrations and fluxes of HgT and CH)Hg+

in the lake. When particle velocity decreased (scenario 2.7), concentrations of Hg in the

epilimnion increased and outflow flux increased because there are more suspended

particles associated with Hg in the epilimnion when compared to the reference scenario

2.1. In contrast, concentrations of Hg in the hypolimnion increased as particle velocity

increased (scenario 2.8). Settling and burial fluxes also increased due to increased

settling velocity.

Changes in panicle settling velocity also altered fluxes of TSS in the lake (Table

4.2.C.B.D). When panicle settling velocity decreased (scenario 2.7), settling and

resuspension fluxes decreased in the epilimnion cmd hypoiimnion. compared to calibrated

values (scenario 2.1). These decreased TSS flaxes would explain the simulated increases

of Hg concentrations in the water column and fish. Increased fluxes of settling and

resuspension were also simulated with increased particle velocity (scenario 2.8) in the

When TSS fluxes were increased. decreased Hg concentrations in thewater columns.

water column and fish were simulatcd by R-MCM.

Table 4.2.C.B.D Major fluxes of TSS (kg/year) in Onondaga Lake (hypolimnion) for
various scenarios considered.

L .;.. "S~ttli?~1 r ~~i~h() R~~~~~~on Mi~c~~i~~~ion
2.1 3.7x 10 6.8 X 10 3.0x 10 5.4 x 10
2.7 1.9 x 107 6.8 X lOb l.1 X 107 5.4 X 10s
2.8 5.6 X 107 6.8 X lOb 4.9 X 107 5.4 X 10s---

~



c) Effects of Changing in METRO and TSS Inputs to the Lake

Finally model calculations were conducted to evaluate the effects of METRO

inputs and other processes regulating TSS inputs to the lake. Discharge of phosphorus

from METRO results in the production of phytoplankton. This increases concentrations

of solids in the lake. Simulations were conducted increasing (scenario 3.2) and

decreasing (scenario 3.3). Total suspended solids concentrations in the lake were used to

depict changes in phosphorus loading. Also a simulation was conducted to eliminate the

external inputs ofTSS to the lake (scenario 3.4). This calculation might depict the effects

of watershed control ofTSS inputs (e.g. solids control of the Tully mudboils). These

simulations were compared to results from the reference simulation (scenario 3.1).

Results of the concentrations and fluxes for these scenarios are given in Table

4.2.C.C.A. 4.2.C.C.B and 4.2.C.C.C

Table 4.2.C.C.A Simulated concentrations of Hg in water (ng/L). sediments (l.1g/g)
and fish ( ) in Ononda a Lake for the various scenarios considered.

Egilimnion Hvoolimnion Sediments ~
Scenario HgU CH,- HgT HgO CH,- HgT CH,- HgT CH,-

Hg+ H~+ H~+ Hg+~ ~

3.1 0.013 0.33 9.13 t).40 7.72 15.89 0.39 ().74 1.02
3.2 0.017 0.20 S.04 0.45 6.54 16.32 0.33 0.77 0.85
3.3 0.017 0.40 9.50 ().45 13.25 24.33 0.65 1.08 1.13
3.4 0.018 0.57 10.81 0.50 18.41 29.70 0.89 1.26 1.29

When TSS were increased by 50 % (sccn:lfio 3.:?). concentrations of Hg in water column

and fish dccrca..~cd because a larger amount of Hg is associated with sllspcndcd solids and

Therefore. scttling and burial fluxes of Hg illcrcascd.settle into the scdimcnts.

:<5



As concentrations of TSS decreased in the water column. concentrations of Hg in

waters increased. Methylation also increased due to decreased TSS in the water colunm.

Increased in the rates of methylation contributed to increases in fish Hg.

Table 4.2.C.C.B Major fluxes of HgT (kg/year) in Onondaga Lake for various
scenarios considered.
Scenario Inflow streams Outflows Settling Burial Resuspension

3.1 9.90 7.56 24.03 2.95 12.7
3.2 9.90 7.06 30.98 3.43 22.0
3.3 9.90 7.87 22.67 2.63 16.5
3.4 9.90 8.38 9.26 1.35 11.8

This analysis suggest that the increase in fish Hg concentrations immediately following

the closure of Allied Signal Inc. was probably due to decreases in TSS concentrations in

the lake. In the steady-state R-MCM. methylation rates are proportional to HgT2+. which

causes the specific methylation rate to be independent of pH (Watras and Huckabee

1994)

Table 4.2.C.C.C Major fluxes of CH,H~. (kf!/year) in Onondaga Lake for various
scenarios considered.
Scenario Inflow Net

stre3ms Outflows Settling Buri31 methyl3tion Resuspension
3.1 0.36 0.58 11.61 1.55 1.77 6.7
3.2 0.36 0.47 13.61 1.64 l.75 10.1
3.3 0.36 0.69 l2.24 1.58 l.90 9.9
3.4 0.36 0.93 11.35 1.42 2.00 8.4

Chomges in TSS ~oncentrations in the W;'ltcr column al~o affected ~imulatcd fluxes

ofTSSin Onondaga Lakc (Table 4.2.C.C.D). When TSS conccntr.ltions increased

:\6



contrast. decreased TSS fluxes were simulated following decreases in TSS concentrations

concentrations of Hg in the water column and fish in simulations by R-MCM.

Table 4.2.C.C.D Major fluxes ofTSS (kg/year) in Onondaga Lake (hypolimnion) for

various scenarios considered.-
- A. ~~gi?~, ~ ~~~I\O R~~~~~~on Mi~~:~~:~3.1 3.7 x 10 6.8 x 10 3.0 x 10 5.4 x 1

3.2 5.6 x 10' 7.7 x lcf 4.8 X 10' 5.4 x lc1
3.3 3.1 x 10' 4.3 X 106 2.6 X 10' 3.6x 105
3.4 1.9 x 10' 2.5 x lcf 1.6 X 10' 1.8 x lc1

-

4.3 Summary

The pattern that cmerge~ from this analysis is that the Hg biogeochemi~try of

Onondaga Ltlkc is ~trongly controled by particle dynamics and thc highly reducing

condition~ thilt occur in the lower wilters during summer striltificiltion. Although there

are currently modcst inputs of Hg to Onondaga Lake (largely from the site of the former

chlor-alkali facility and METRO). lhc supply of Hg to the water column of Onondaga

There is considcr:lble evidenceLake appe3fS to be largely from derived from sediments.

) mass balance calculations which show internallO ~upport lhi~ conlcnlion. including

flUXC$ of Hg in ~cdimcnt traps 61nd burial fluxes of Hg to the lolke. 2) the Hg content of

- 0.4 Jig/g) to the lakep:lrticulatc mattcr incrc:1.'\Cd markcdly trom tributary watcrs (0.

1<7



simulations. The large internal production of particles enhances Hg deposition to

sediments and in-lake retention of Hg. Mass balance calculations suggest that

The other distinguishing feature of Hg dynamics in Onondaga lake is the very

High rates of methylation of Hg in Onondaga lake are undoubtedly due to several factors:

associated with particulate matter depositing to the2+1) the high supply of HgT

hypolimnion. 2) very high inputs of labile organic matter to the hypolimnion which fuels

microbial methylation and 3) highiy reducing conditions which promotes popuiations of

sulfate reducing bacteria which largely mediate methylation of HgT

Despite the elevated supply of HgT2+ and very high rates of methylation. fish Hg

concentrations are not abnormally high in Onondaga Lake. Indeed. given the

characteristics of the lake (i.e. high inputs of HgT~"and high rates of methylation), it is

fish tissue in Onondaga ~ke ilfe similar to values reported for fish in remote lakes

1995). Theimponcd by atmospheric Hg dcposition (Grieb et aI.. 1989; Driscoll ct aI

BCF of CH,Hg+ i~ not abnorrn:1lly high. values are similar to those rcported for the fish

This suggests that other factors mitigate against thestudies (Driscoll et al.. 1994)

In Onondaga Lakc thcse factors wouldbioaccumulation of Hg in biological tissuc

appear to be high concentrations of paniculatc mattcr and sulfide. R-MCM simulations

Hg tor mcthylation and thc ~ubscqucnt uptakc of CH,Hg" i" aquatic biota. Indeed.

1<~



to values reported for other systems. However, the high production of TSS appears to

diminish the CH3Hg+ accumulation in fish. Onondaga Lake is also characterized by high

concentrations of sulfide in the hypolimnion during summer stratification (Wang and

Driscoll, 1995; Effler et aI., 1996). Due to the strong binding of Hg for sulfide it seems

likely that sulfides also reduce the bioavalability of Mg.

These patterns have implications for the remediation of Hg contamination in the

lake. Model simulations suggest that decreases in external loading of Hg will ultimately

reduce water column. sediments and fish Hg concentrations. However. the effects of

reduced loading are attenuated by the large rate of production and deposition of

particulate matter in the lake which promotes in-lake retention and cycling. This effect is

supported by the long period over which elevated fish Hg concentrations have been

observed following closure of the chlor-alkali facility. It would seem that dredging is the

only management option which could result in marked reductions in fish Hg

concentrations over a short period. The difficulty in dredging is because 28 years after

closurc of the chlor-alkali facility much of thc Hg has been buried in scdimcnts (Rowcll.

1996). Dredging would require deep excavation of sediments resulting in an cxpcn~ive

operation ~d rushing the mobilization of Hg.

Note that any management of the lake which alters the productivity and/or particle

production will alter fish Hg concentrations. Modcl simulations suggest that thc l'Mge

increase on concentrations of Hg in smailinouth bass in the late 1980'5 following clo~urc

of thc soda a.o;h facility was duc to dccrcascs in particulate dcposition and/or

conccntrations in thc lakc. Reduction in thc lak~ productivity that i~ pl~ncd ov~r thc

~)



next 15 years in response to Onondaga County's Municipal Compliance Plan may affect

the Hg dynamics of the lake. Diminished particulate production should enhance Hg

transport to the outlet of the lake and decrease Hg transport to sediments. Anticipated

decreased in TSS concentrations should enhance the rates of methylation and the

bioavalability of Hg. However. decreases in lake productivity should diminish

hypolimnetic depletion of oxygen and rates of methylation. The effects of these changes

would be difficult to predict.

lI()



Chapter 5 - Conclusions

Based on the mass balances of HgT and CH3Hg+, the empirical relationships

between Hg and TSS, the observed distribution of Hg in aquatic food chain and various

R-MCM calculations for Onondaga Lake, several conclusions could be made.

. Auxes of HgT from resuspension and deposition to sediments (= 50 kg/year) were

much larger than external fluxes of Hg (= 10 kg/year). This pattern suggests much of the

ongoing elevated concentrations of Hg in the lake is due to Hg contamination in

sediments.

. Internal production (1.01 kg/year) (methylation and flux from sediments) was a major

source of CH]Hg+ to Onondaga Lake with values much greater than external fluxes of

Values of CHJHg+ production in Onondaga Lake are among theCH3Hg+ (0.45 kg/year).

highest values reported in the literature

. A large amount ofTSS (83 %) supplied to the lake was associated with in-lake

production.

. There was a marked incrcase in the Hg contcnt of particulate matter from thc

l.1g/g to 0.4 l.1g/g). to the water column particles (2.8tributaries to Onondaga Lakc (0.

3 f.1g/g) and $urfacc $cdiments ( 1.8 f.1g/g) This increase is~g/g). scdimcnling paniclcs

suggestive of an internal source of Hg to the l~c.

. Thc analysi$ of HgT occurring a.c; CH\Hg" in aquatic species of Onondaga Lake

confirms that CI-I,Hg" is more efficiently transferred to higher levels of aquatic food web

th:m Hg.!-

. Concentrations ofCH,Hg+ ~md bioconccntr~'tion factors (BCFs) ofCH,Hg" increased

with incre~lsing trophic Icvels in aquatic food chain of Onondaga Lake

'. t



. R-MCM simulations demonstrated a decrease in the concentrations of particulate

matter may decrease the bioavailability of Hg for methylation and the subsequent uptake

of CH3Hg+ in aquatic biota.

reduce water column, sediments and fish Hg concentrations.

. Model simulations suggest that the large increase on concentrations of Hg in

smallmouth bass in the late 1980' s following closure of the soda ash facility be due to

decreases in particulate deposition and/or concentrations in the lake.

. Model calculations showed that the large internal production of particles enhances Hg

deposition to sediments and in-lake retention of Hg.

'.2



1. A more accurate mass balances of HgT and CH]Hg+ should be obtained through

future research. The north and south basins of Onondaga Lake probably contain

different amounts of Hg in the sediments and in the water column.The south basin

while the north basin receives Hg from Ninemile Creek. The north basin also

contains the lake outlet. Studying the effect of the different inputs on the individual

basins would provide a more complete picture of the Hg cycle in Onondaga Lake.

Future studies on Hg should be planned to monitor the concentrations of Hg at closer 2.

time intervals. Increasing the number of samples collected will reduce uncenainties

in order to have a more accurate Hg budget for Onondaga Lake

Meaningful correlations should be obtained if concentrations of auxiliary parameters 3

(e.g. TSS. S042-, DO, DOC and pH) are monitored when Hg concentrations are

monitored. Correlations between Hg and other p'Jfameters would provide better

understanding of biogeochemistry of Hg in Onondaga Lake.

Exp:md the hydrodynamic modcl for the lake outlet to include Onondaga Like and 4.

The expanded hydrodynamic model would provide better Seneca River.

understanding of Hg cycle in thc lakc.
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Appendix I

Concentrations (ng/L) of HgT in south basin of Onondaga lake for
the period April to November 1992 (after Jacobs et al., 1995)

Dissolved H9T Particulate HgTDepth (m)Date
2.70
1.60
2.40
2.70
3.80

2.'
1.'
1.'
3.:
2.!

7.40
0.70
2.50
4.30
2.90
2.40
3.40
4.90

Total H9r
2.30
1.40
1.30
4.20
2.40

0
0
0
0
0 -
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(ngiL)
Particulate HgT

(ng/L)
Dissolved H9T

(m)
Depth

(ngiL)
Total H9TDate

1.70
1.80
1.80
1.40
4.10
2.50

1.30
3.20
1.20
3.40
7.10
4.40

3.00
5.00
3.00
4.80
11.20
6.90

0
0
0
0
0
0

2.10
1.20
2.10
1.60
4.70
2.60
4.70

1.90
1.80
1.30
5.40
3.00
2.40
2.70

4.00
3.00
3.40
7.00
7.70
5.00
7.40

3
3
3
3
3
3
3

May-92 6 4.00 1.80 2.20
Jun-92 6 3.00 2.00 1.00
Jul-92 6 6.20 0.65 5.55
Aug-92 6 4.70 3.20 1.50
Sep-92 6 5.30 ~.~g ~. ~g
Apr-92 9. 7.00 4.10 2.90
May-92 9 3.00 1.50 1.50
Jun-92 9 4.00 1.90 2.10
Jul-92 9 5.40 1.80 3.60
Aug-92 9 5.30 3.70 1.60
Sep-92 9 5.10 3.10 2.00
Oct-92 9 4.50 2.00 2.50
Nov-92- 9 5.30 2.30 3.0q
May-92 12 5.00 1.60 3.40
Jun-92 12 6.00 2.30 3.70
Jul-92 12 7.40 3.00 4.40
Aug-92 12 15.20 5.70 9.50
Sep-92 12 18.60 ~.~~ 1_2:..~0
Apr-92 15 6.00 2.80 3.20
May-92 15 5.00 2.20 2.80
Jun-92 15 6.00 4.60 1.40
Aug-92 15 18.30 9.80 8.50
Sep-92 15 19.70 8.90 10.80
Oct-92 15 22.50 10.70 11.80
Nov-92 15 5.40 --- 2.20 3.20

3.902.106.0018May-92
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Concentrations (ng/L) of CH3Hg+ in south basin of Onondaga Lake for
the period April to November 1992 (Jacobs et al.,

particulate CH3Hg +
Depth (m) Total CH3Hg+ Dissolved CH3Hg+Date

~

- -- - ~.: 0 0.22 0.08 0.14
0 0.43 0.16 0.27
0 0.33 0.06 0.27
0 0.33 0.07 0.26
0 0.33 0.21 0.12

Apr-92 3 0.25 0.09 0.17
May-92 3 0.37 O. 15 0.22
Jun-92 3 0.40 O. 17 0.23
Jul-92 3 0.34 0.09 0.26
Aug-92 3 0.29 0.07 0.22
Sep-92 3 0.57 0.23 0.34
Oct-92 3 1.70 0.43 1.27
Nov-~ 3 1.30 0.68 0.62 ~
r - -"1. 6 O. 14 O. 11 0.03

. 6 0.38 ,0.17 0.21
6 0.25 0.09 0.16

j ! 6 0.18 0.10 0.08
~- ~..!. 6 0.43 0.21 0.22

-~-~ - -

Apr-92 9 0.43 0.10 0.33
May-92 9 0.24 0.08 O. 16
Jun-92 9 1.10 .0.47 . 0.63
Jul-92 9 0.45 0.23 0.22
Aug-92 9 0.69 0.33 0.36
Sep-92 9 0.53 O. 19 0.34
Oct-92 9 1.10 0.45 0.65
Nov-92 9 1.40 0.82 0.58

--~~

r.~: 12 0.29 0.13 0.16
12 1.10 1.00 0.10
12 3.60 2.10 1.50

! 12 8.60 4.10 4.50
""-I-~..!. - 12 5.30 3.60 -~~"~~ 1.70Apr-92- '-5 0.39--- o. 12- ~ 0.27-

May-92 15 0.81 0.22 0.59
Jun-92 15 3.70 2.20 1.50
Jul-92 15 7.60 1.70 5.90
Aug-92 15 10.60 3.40 7.20
Nov-92 15 1.50 0.43 1.07

-~- -~ =-~ c~ ~~r . ~: 0.75

~~~~~~

0.43

0.24
1.10
0.45
0.69
0.53
1.10
1.40

May-92
Jun-92
Jul-92
Aug-92
Sep-92

0.43

0.24
1.10
0.45
0.69
0.53
1.10
1.40

18 1.10 0.35

~}8
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Concentrations (ng/L) of CH3Hg+ in north basin of Onondaga Lake for

the period April to November 1992 (Jacobs et al., 1995). .
(m) (ngiL) (ngiL) (ngiL)

Date Depth Total CH3Hg+ Dissolved CH3Hg+ particulate CH3Hg+
0.22
0.04
0.14
0.09
0.07
0.04

1.78
0.16
0.18
0.28
0.10
0.22

0
0
0
0
0
0

2.00
0.20
0.32
0.37
0.16
0.26

May-92
May-92
Jun-92
Jul-92
Aug-92
880-92

0.06
0.14
0.06
0.04
0.11
0.31
0.86

0.32
0.21
0.26
0.27
0.36
0.99
0.74

3
3
3
3
3
3
3

0.38
0.35
0.32
0.31
0.47
1.30
1.60

May-92
Jun-92
Jul-92
Aug-92
Sep-92
Oct-92
Nov-92
May-92 6 O. 18 0.09 0.09
Jun-92 6 0.37 O. 18 0.19
Jul-92 6 0.29' 0.09 0.20
Aug-92 6 O. 18 0.10 0.08
Sep-92 6 0.44 O. 12 0.32
Apr-92 9 0.31 0.13 0.18
May-92 9 0.45 0.10 0.35
Jun-92 9 0.94 0.41 0.53
Jul-92 9 0.59 . 0.23 0.36
Aug-92 9 0.39 0.20 0.19
Sep-92 9 1.00 0.38 0.62
Oct-92 9 0.66 0.33 0.33

- ~-92 9 ___L1Q__- 0.75 0.65
0.33
1.10

1.50
4.70

7.10

12
12
12
12
12

0.37

2.50
3.20

7.40
10.50

0.04
1.40
1.70
2.70
3.40

May-92
Jun-92
Jul-92
Aug-92
SeD-92





Dissolved HgT2+Depth (m)Date
2.56
1.33
2.13
2.44
3.68

2.22
1.24
1.24
4.13
2.19

4.78
2.57
3.37
6.57
5.87

0
0
0
0
0

7.24
0.48
2.27
4.05
2.68
2.06
2.13
4.28

2.52
2.15
2.33
1.62
3.73
3.27
1.57
1.72

9.75
2.63
4.60
5.66
6.41
5.33
3.70
6.00

0.87
1.69
4.04
2.42
4.08

1.99
0.93
1.31
3.20
2.69

2.86
2.62
5.35
5.62
6.77

3
3
3
3
3
3
3
3

Apr-92 9 11.57 3.40 8.17
May-92 9 2.76 1.52 1.24
Jun-92 9 1.90 . 1.13 0.77
Jul-92 9 3.35 1.17 2.18
Aug-92 9 4.71 3.27 1.44
Sep-92 9 7.87 2.51 5.36
Oct-92 9 4.00 1.95 2.05

- Nov-92 9 4.10 ~.~~ ~ .~~
May-92 12 4.71 2.27 2.44
Jun-92 12 1.90 1.10 0.80
Jul-92 12 4.60 1.10 3.50
Aug-92 12 10.20 2.30 7.90
Sep-92 12 13.70 ~ .~~ \ ~~.gg.-
Apr-92 15 28.61 4.08 24.53
May-92 15 3.19 1.68 1.51
Jun-92 15 5.30 1.20 4.10
Jul-92 15 7.00 2.20 4.80
Aug-92 15 7.10 4.40 2.70

Nov-92 15 4.60~. ~~ ~.~~
May-92 18 4.90 2.15 2.75
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Appendix II
Concentrations of TSS (mg/L) in Onondaga Lake for the period of April
to October 1995 (after UFI, unpublished data)

Qepth (m)\Date 5/5/9§ 5/1 ~~~ 5/1 ~/~~ 5/2~~~
0 0.85 0.51 0.23 0.27
4 1.67 0.77 1.30 0.83
8 1.15 0.89 1.20 0.63
12 51.55 0.99 1.30 0.53
16 1.13 1.27 1.15 0.60-

-

_Qepth (m)\Date 7n/95 7/2!/~~ 7/2~~~-
0 3.67 2.60 3.90
4 2.95 3.73 7.40
8 2.85 1.53 1.67
12 1.80 1.47 2.53
16__- 1.70 0.7~~ 1.53

Depth (m)\Date 8/4/95 8/1 ~/~~ 8/1~~g 8/2~/~~
0 3.87 3.00 3.08 3.67
4 2.73 2.67 3.80 3.80
8 1.85 2.07 2.06 3.93
12 0.95 0.75 1.20 1.20
16 1.60 1.00 1.23 0.75-

J~

4 2.20 3.33 3.73 4.60
8 2.87 2.27 3.87 1.87
12 2.60 2.40 1.80 1.33
16 2.20 2.00 0.93 0.93

4 0.70 0.97, 1.10 9.50 7.50
8 0.17 1.03 0.97 1.27 3.90
12 0.43 0.93 0.80 1 .33 1.55
16 0.87 0.87 1.00 1.00 0.90

4 3.10 4.40 3.09 3.53 3.15
8 4.10 4.91 3.26 4.13 3.15
12 1.00 1.53 1.00 2.53 1.30
16 0.50 N/A 1.30 1.67 0.70
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4 3.12 3.80 4.20 4.06
8 3.52 2.00 3.87 4.56
12 1.40 2.10 4.80 4.87
16 0.73 1.20 1.20 4.40
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Appendix IV

Concentrations of H9r (ng/L) for the period October 1995 -

September 1996 (after Gbondo- Tugbawa etal.. 1998)
-- Ninemile Creek OnondaQa Cree~ Harbor Br~g~ Lev Cr~~~ M~~~~

10/18/95 22.44 7.72 6.39 4.01 28.36
11/28/95 17.85 7.33 7.07 3.80 46.53
12/18/95 12.31 5.35 4.28 3.61 14.03
1/30/96 13.97 5.01 5.15 4.17 42.30
2/29/96 11.68 6.13 5.05 5.56 44.47
3/6/96 15.11 7.41 N/A N/A N/A

3/13/96 10.56 6.78 N/A N/A N/A
3/20/96 13.55 9.23 N/A N/A N/A
3/28/96 12.66 7.42 6.44 6.14 27.90
4/29/96 11.55 8.16 10.44 6.03 65.57
5/30/96 24.56 10.89 8.65 9.01 7.07
6/27/96 35.83 11.52 7.89 9.52 66.67
7/25/96 31.83 14.52 5.60 5.38 15.30
8/29/96 16.23 7.85 4.21 4.36 12.24
9/19/96 18.66 8.38 4.88 8.48 6.63

,

Concentrations of CH3Hg+ (ng/L) for the period October 1995

S~p_tember 1996 (af!~r Gbondo- Tugb~~a et al.. 1998)
~

Ninemile Creek OnondaQa Creek. Harbor Br~2;~ Ley C~e~~ ME~R~<?
10/18/95 0.55 0.35 0.45 0.37 1.45
11/28/95 0.40 0.20 0.49 0.22 0.78
12/18/95 0.24 0.37 0.41 0.28 0.63

1/30/96 0.28 0.17 0.38 0.31 2.40
2/29/96 0.39 0.43 0.40 0.34 1.79

3/6/96 0.34 0.40 N/A N/A N/A
3/13/96 0.31 0.43 N/A N/A N/A
3/20/96 0.41 0.49 N/A N/A N/A
3/28/96 0.22 0.42 0.87 0.62 1.73
4/29/96 0.41 0.43 1.49 0.43 1.26
5/30/96 0.73 0.51 0.58 0.51 3.70
6/27/96 1.42 0.77 0.52 0.65 2.07
7/25/96 1.10 0.97 0.32 0.37 0.69
8/29/96 0.56 0.51 0.51 0.28 0.92
9/19(9§ 0.4~- 0.36 0.6~ 0.47 ~.§1
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Appendix V

Concentrations of Hg in white perch for the period of 1973 to 1992
(R. Sloan, NYS Department of Environmental Conservation, unpublished data)

Year Age Hg (~g/g) Year Age Hg (J!g/g)
1973 . 4.0 0.81 1981 6.0 0.97
1973 5.0 1.04 1981 7.0 0.99
1973 6.0 1.30 1981 8.0 0.91
1973 7.0 1.75 1981 9.0 1.04
1973 8.0 1.72 1992 3.0 1.20
1973 9.0 2.47 1992 4.0 1.04
1974 4.0 0.20 1992 5.0 1.16
1974 5.0 0.26
1974 6.0 0.27
1974 7.0 0.71
1974 8.0 0.64
1974 9.0 1.12
1974 10.0 1.94
1975 3.0 1 .20
1975 4.0 1.21
1975 5.0 1.27
1975 6.0 1 .32
1975 7.0 1.71
1975 8.0 1'.56
1975 9.0 2.19
1975 10.0 2.17
1976 2.0 0.35
1976 3.0 0.60
1976 4.0 0.57
1976 5.0 0.83
1976 6.0 0.85
1976 7.0 0.85
1976 8.0 0.76
1976 9.0 0.95
1976 10.0 0.96
1979 2.0 0.66
1979 3.0 0.74
1979 4.0 0.86
1979 5.0 0.88
1979 6.0 0.99
1979 7.0 1.21
1981 2.0 0.97
1981 3.0 0.79
1981 4.0 0.92
1981 5.0 0.92
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Concentrations of Hg in smallmouth bass for the period of 1974 to 1994
(R. Sloan, NYS Department of Environmental Conseryation, unpublished data)

Year Age Hg (J.1g1g)
1974 2.0 0.38
1974 3.0 0.66
1974 4.0 0.93
1974 5.0 1.16
1974 6.0 1.09
1975 2.0 0.34
1975 3.0 0.81
1975 4.0 1.20
1975 5.0 1.42
1975 6.0 1.40
1979 4.0 0.59
1979 5.0 0.61
1979 6.0 0.69
1979 7.0 0.77
1979 9.0 1.03
1981 3.0 0.71
1981 4.0 1.03
1981 5.0 1.31
1981 6.0 1.31
1981 7.0 1,.30
1981 8.0 1.31
1981 9.0 1.38
1983 3.0 0.64
1983 4.0 0.85
1983 5.0 0.81
1983 6.0 1.08
1983 1.0 1.33
1983 8.0 1.41
1983 9.0 1.71
1983 11.0 1.77
1984 3.0 0.68
1984 4.0 0.74
1984 5.0 0.94
1984 6.0 0.92
1984 7.0 1.19
1984 8.0 1.26
1984 9.0 1 .20
1984 10.0 1.26
1984 11.0 1.08
1985 3.0 0.64
1985 4.0 0.89

Year Age Hg (l.1g/g)
1985 5.0 1.13
1985 6.0 1.37
1985 7.0 0.85
1985 8.0 1.34
1985 9.0 0.76
1985 10.0 1.08
1985 11.0 1.77
1986 2.0 0.90
1986 3.0 0.85
1986 4.0 0.93
1986 5.0 1.18
1986 6.0 1.47
1986 7.0 1.19
1987 3.0 1.46
1987 4.0 1.61
1987 5.0 1.74
~1987 6.0 1.78
1987 7.0 1.87
1987 8.0 2.13
1987 9.0 2.29
1988 3.0 1 .10
1988 4.0 1.11
1988 5.0 1 .42
1988 6.0 1.81
1988 7.0 1.86
1988 8.0 1.42
1989 3.0 1.33
1989 4.0 1.61
1989 5.0 2.13
1989 6.0 2.67
1989 7.0 2.34
1990 3.0 1.02
1990 4.0 1.05
1990 5.0 1.20
1990 6.0 1.00
1990 7.0 1.70
1990 8.0 2.54
1990 9.0 2.14
1991 4.0 0.67
1991 5.0 0.73
1991 6.0 0.81





Appendix VI

Simulated TSS mass fluxes for the epilimnion of Onondaga Lake

(in kg/year)

Scenario SettlinQ Burial Re~u~!?e~:ion Mi~e~~iz~~ion-
1.1 3.1 E+O7 1.3E+O6 2.9E+O7 1.3E+O6
1.2 3.1 E+O7 1.3E+O6 2.9E+O7 1.3E+O6
1.3 3.1 E+O7 1.3E+O6 2.9E+O7 1.3E+O6
1.4 3.1E+O7 1.3E+O6 2.9E+O7 1.3E+O6
1.5 __3.1E-t9_T_1.3E+O6 2.9E+O7 1.3E+O6

Scenario SettlinQ Burial Resus~e~;ion Mi~e~~iz~~ion
2.1 3.1 E+O7 1.3E+O6 2.9E+O7 1.3E+O6
2.2 3.1E+O7 1.3E+O6 2.9E+O7 1.3E+O6
2.3 3.1E+O7 1.3E+O6 2.9E+O7 1.3E+O6
2.4 3.1 E+O7 1.3E+O6 2.9E+O7 1.3E+O6
2.5 3.1 E+O7 1.3E+O6 2.9E+O7 1.3E+06
2.6 3.1E+O7 1.3E+O6 2.9E+O7 1.3E+O6
2.7 1.3E+O7 1.3E+O6 1.3E+O7 1.3E+O6
2.8 ~.7E+O7 1.3E+O6 4.4E+O7 1.3E+O6

Scenario SettlinQ Burial Resusge!:!;ion Mi~e~~iz~~ion
3.1 3.1 E+O7 1.3E+O6 2.9E+O7 1.3E+O6
3.2 4.7E+O7 1.8E+O6 4.3E+O7 2.0E+O6
3.3 2.6E+O7 1.1E+O6 2.4E+O7 1.1E+O6
3.4 1.6E+O7 5.4E-t9~ 1.4E+O7 7 .2E~Q?



Simulated TSS mass fluxes for the hypolimnion of Onondaga Lake

(in kg/year)

Scenario Settlinq Burial Re~u~~e~~ion Mi"-e~~iz~~ion
1.1 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
1.2 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
1.3 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
1.4 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
1.5 --- 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5

§cenario SettlinQ Burial Re~u~~e~~ion Mi"-e~~iz~~ion
2.1 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
2.2 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
2.3 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
2.4 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
2.5 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
2.6 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
2.7 1.9E+O7 6.8E+O6 1.1E+O7 5.4E+O5
2.8 ~+O7 6.8E~O6 4.9E+SlL 5.4E+O5

Scenario SettlinQ Burial Re~us!!e~:ion Mi"-e~~iz~~ion
3.1 3.7E+O7 6.8E+O6 3.0E+O7 5.4E+O5
3.2 5.6E+O7 7. 7E+O6 4.8E+O7 5.4E+O5
3.3 3.1 E+O7 4.3E+O6 2.6E+O7 3.6E+O5
3.4 1.~+O7 2.5E+O6 1.6E+O7 1.8E+O5

11.4
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